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Abstract 

t>7 

JAMES ZIZELMAN 

Results of se a sur eaent s of both teaperature and 
velocity fields within a reverse flow coabnstor are 
presented. Flow within the coabnstor is acted upon 
by perpendicularly injected cooling jets introduced 
at three different locations along the inner and 
outer walls of the coabnstor. Tbe oddity of such 
combustor configurations is best exemplified by 
recognizing that flows within then accelerate both 
transversely and longitudinally. 

Each experiaent is typified by a group of 
parameters: density ratio, aoaentua ratio, spacing 

ratio, and confineaent paraaeter. Two aore 
quantities, Fronde number and Mach nuaber, although 
calculated were found not to be iaportant in these 
experinents. Measurements of both tenperature and 
velocity are presented in terns ot noraalixed 
profilea at azimuthal positions through the turn 
section of the coabustion chamber. A rake of probes 
that spans the coabnstor laterally allows for the 
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presentation of ioae three dimensional plots filing 
soae indication of the lateral spreading. In 
addition, jet trajectories defined by ainiana 
teaperatnre and aaziana Telocity giro a qualitative 
indication of the location of the jet within the 
croas flow. Kesults of a node 1 froa a previous 
teaperatnre study are presented in soae of the plots 
of data froa this work. 

During injection froa all three injection 
locations (inner wall prior to the torn, outer wall 
prior to the torn, and outer wall into the turn) a 
aigration of the injected fluid toward the inner 
wall is observed both froa teaperatnre and velocity 
fields . 

Penetration into the cross flow is shown to be 
affected as follows: increasing injection jet 
aoaentua increases penetration, increasing the ratio 
of the jet density to the cross flow density 
increases penetration, and increasing spacing 
between jots in aultiple jet injection increases 
penetrat ion . 

Lateral spreading seeaed to be greater during 
higher aoaentua injection and during injection froa 
the outer wall. 

The above conclusions appear consistent with 
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the flov field that lets ip in the coibsttor 


The 


flov is observed ss inertial ly dosinsted and 
c h a r a c t a r i a t i c a 1 1 7 irrotational as a pressure 
gradient develops to support fluid turning. 
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CHAPTER I 


INTRODUCTION 

In recent years, many studies have been aade 
that deal directly with the concept of jet 
injection. Both theoretical and experimental work 
has been done. Much of this work deals with one of 
the following configurations: (1) jet injection 

into a non-moving environment, (2) perpendicular jet 
injection into i medium with constant velocity, and 
(3)multiple jet and two-dimensional jet injection 
into a medium with constant velocity. 

Work of the above description can be viewed in 
most of the references in the bibliography. It must 
be remembered, however, that these studies are not 
addressing the problem of turbulent jet injection 
into an accelerating medium. The studies involving 
a moving cross flow are set up to provide a constant 
area for the flow, and hence a constant velocity. 
In most dilution jet applications in jet engine 
combustors, this type of investigation is entirely 
adequate because the chamber involved is really 
nothing more than a atraight-through annulus 
resulting in cross flow velocities that remain 
nearly the same from inlet to exit. However, in the 
geometry of the reverse flow combustor, the 


cross 
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flow negotiates a 180 * torn while experiencing a 
decrease in cross sectional area. This geometric 
complexity gives rise to experimental studies snch 
as this one associated with determining both 
velocity and tempera.in fields throoghont the 
combnstor. From this information, immediate 
qualitatve conclusions are available as well as more 
detailed information describing the flow conditions 
for use as experimental input to a semi-empirical 
model. As can be seen, then, this investigation has 
some peculiarities resulting from the unique 
combustor design. By the nature of the geometry, 
the flow must accelerate both longitudinally and 


as it negotiates the 180 * turn. 



3 


When one examines the cosbottor sore closely, it 
becosei evident that one can identify two apparent 
■odes of acceleration. The first to be identified 
is the transverse acceleration that sost exist 
perpendicular to the flow direction doe to the fact 
that the flow negotiates the torn. The second 
identifiable acceleration is that doe to the cross 
sectional area decrease as one approsches the exit. 
This acceleration is in the oirection of the flow. 
By rotating the schematic in figure 1 about the 
centerline, one can see that this combustor is 
scuts 1 ly an annulus turned inside of itself. This 
gives rise to more acceleration in the direction of 
the flow because the inner annulus (the exit) is of 
smaller radius, and therefore carves out less area. 
The following figures depict the two modes of 
acceleration: 



Longitudinal Acceleration 


Figure 2: Longitudinal Acceleration 
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Transverse Acceleration 

Figure 3: TriniterM Acceleration 

Doe to this unique coabostor design, little 
theoretical, ieai-eap ir ica 1 , or purely eapirical 
inforaation it available that describee flow 
conditions within the coabostor. I ipihiti^ 1 ^, in a 
recent study nsing a node 1 reverse flow coabostor, 
generated a largo quantity of oapirical inforaation 
regarding teaperatore fields throughout the turn 
section of the coabostor. However, an atteapted 
aodel to predict jet trajectories in single jet 
injection showed poor agreeaent with trajectories 
inferred froa the teaperatore profiles appsrently 
doe to the lack of inforaaiton regarding the cross 
flow velocity field. In the cast of Lipshits's 
ezperiaent, a theraal Jet trajectory location was 
defined as the ainiaoa teaperatore observed between 
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the inner and outer villi of the combustor at a 
given angular pot it ion in the turn section. 
Individual trajectory locations could then be 
connected with a smooth line. 

To sore fully examine the complexities of this 
combustor with its various cooling jet injection 
configurations, an experiment was designed to gather 
both temperature and velocity data from the end of 
the primary zone (at the entrance to the turn 
section) to the outlet of the conbustor (at the 
turbine blades). Both radial (from inner wall to 
outer wall) and azimuthal (angularly through the 
turn) sampling points were set up so that both the 
velocity and temperature fields could be well 
represented. 

In an actual t u r b i n e - e n g i n e situation, it is 
advantageous to know what effect changes in dilution 
jet injection would have on temperature and velocity 
fields at the outlet of the combustor. Siuce the 
outlet is the location of the turbine blades, 
knowing detailed information here gives one the 
ability to operate the engine at a higher, more 
efficient temperature with considerably less 
uncertainty as to when mechanical failure of the 
blades will occur. Of course, the preferred 
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Figure 4: Preferred temperature profile (turbine) 1 

Figure 4 shows a temperature profile that increases 
in going from the root to the tip of the blade. The 
reasoning here is based upon centrifugal loading. 
At the root, the blade structure must exert enough 
inward force to support nearly the entire length of 
the blade thereby causing this location to 
experience the maximna stress. Now, choose a 
position near the tip of the blade. Here, the only 
centrifugal loading is that caused by that small 
portion between your chosen position and the blade 
tip. It follows that the stress in the blade at the 
tip approaches zero. As one begins to operate a jet 
engine near its allowable maximum, the limit is 
usually set by the mechanical capability of the 
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turbine blades, so the lower the temperature at the 
maximum stress location, the longer the blade can 
maintain mechanical integrity. 

Additionally, a known velocity profile at the 
exit won Id allow a more detailed calculation of 
corvective heat transfer coefficients of the turbine 
blades, resulting in a more thorough understanding 
ot the heat transfer taking place, again providing 
the opportunity to operate the engine at a more 
efficient temperature. 

It can be seen, then, that if enough 
information is gathered, it will be possible to 
tailor both velocity and temperature profiles at the 
outlet by merely changing the dilution jet initial 
conditions. It is this tailoring that makes this 


work so important 


CHAPTER II 


PREVIOUS RELATED STUDIES 

Since this reseirch concerns itself with a 
specific geometric design, there is relatively 
little information regarding temperaiore and 
velocity profiles and trajectories. In fact, one 
previous study by Lipshitz 1 J is all that is known 
to exist. However, some studies have been made that 
relate in a generic way because the basic concept of 
jet injection is investigated. As stated earlier, 
these studies include: (1) free turbulent jet 

injected into a non-moving medium, (2) turbulent jet 
injected perpendicularly into a n o n - a c c e 1 e r a t i n g 
medium, and (3) multiple jeta and two-dimensional 
jets injected into a non-accelerating medium. Since 
these specific types of studies will not aid a great 
deal in the understanding of this one, they will be 
reviewed here fairly quickly. In a later chapter, a 
presentation of the temperatue study conclusions by 
Lipshitz^*®^ will be conducted. 

2.1. Ifee Elfi J el 

As is suggested in any work on the fluid 
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mechanics of jets, turbulent profiles are generally 
considered to be s e 1 f- a im i 1 a r , that is, the velocity 
profiles remain similar with respect to the space 
variable. Discussions on similarity solutions for 
the free jet can be viewed in works by Abramov ich ^ 1 ^ 
and Albertson^*. Using the idea of the similarity 
solution, it becomes evident that in the fully 
developed region of a free jet, the jet boundary 
layer grows linearly as a function of distance from 
the origin, i.e., 

b « s (II. 1) 


eorc transition fully-dtvsloptd 



Figure 5: A turbulent free jet^®^ 
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In addition, the similarity aolntion allows one to 
recognize that the centerline velocity of ths jet 
decays as the inverse of the distance travelled from 
the origin: 


Vj « 1 (II. 2) 

Investigating farther, one can see from 
Albertson^ 2 ) end Rican and Spalding^ 25 ^ that the 
gross volnme flax for a single tnrbnlent free jet 
was found to be given by: 


* 0 . 16*s (II. 3) 

b o 

Something that goes hand in hand with the idea of 
gross volnme flnz is the notion of entrainment. 
Qualitatively, it is a measure of how mnch fluid 
experiences motion in the direction of an 
injected jet. Rouse, Tih, snd Humphreys * 26 ^ in an 
early work investigated injection where the jet and 
the ambient fluids were of different densities. 
Their modification to the gross volnme flux equation 
(II. 3) manifests itself in a density correction 



factor as follows: 
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q 4 « 0.16*» r P. 1 (II - 4) 

b o 1 Pj J 

In the above analyses, the consideration is 
given to the free turbulent jet pictured in figure 5 
above. In such a turbulent jet, the velocity 
profile at the origin is nearly unifora. Froa the 
origin outward, there are three distinct regions of 
the jot: (1) the potential core, (2) the 

transition region, and (3) the fully developed 
region. The center of the potential core region is 
referred to as the core. At this location, the 
fluid has the same properties as the fluid issuing 
from the nozzle of the jet. Still in the potential 
core region, but moving laterally from the 
centerline, a free shear layer must be encountered. 

In this area, the fluid smoothly returns to the 
ambient conditions. This potential core region has 
been seen to exist about fonr to five nozzle 
diameters downstream of the jet. It is this type of 
information that becomes useful in the analysis of 
the data of this investigation as a guide to give 
some rough idea about what to expect. 

The second region is the transition region, 
immediately followed by the fully developed region. 

It is typical for the transition region to dissipate 
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ten nozzle diameters downstream of the injection 
location. Of course, these estimated distances 
depend largely on the initial conditions of the jet 
it it issues from the nozzle. After transition has 
occurred in the second region. the jet remains 
turbulent . 

2 . 2 Jit In ieilion j. nio » No n^A£££le rg t_i ng. Medium 

In studies involving a single jet introduced 
into a n o n - a c c e 1 e r a t i n g cross flow, it is typical 
for a round jet to be issued perpendicularly into 
the oncoming flow with what is considered a uniform 
velocity profile. Also, it is generally considered 
typical for the cross flow duct to be of constant 
cross sectional area to eliminate acceleration. As 
the jet moves outward from the nozzle, a complex 
deflection begins to occur. Figure 6 below 
illustrates this typical injection configuration. 



Figure 6: Injection configuration for a non- 

accelerating cross flow. 
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In at. attempt to qualitatively describe how the 
"jet bend ini'* is taking place, a number of 
different aechanlsai have been identified and can be 
considered. First, as the jet issues from the 
nozzle, it can be viewed as a sing off fluid, even a 
rigid cylinder, that has associated with it a 
coefficient of drag. As the dynamic pressure 

of the cross flow begins to exert force on the 
"cylinder" of fluid, it begins to experience a 
drag in the direction of velocity of the cross flow. 
Immediately, of course, a "bending over" of the 


jet begins to appear. As quickly as this occurs. 
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Another aechanisa which is attributed to the 
coaplei bending of a jet injected perpendicularly 
into a croaa flow ia jet entrainaent. Ai the jet 
penetrates outward into the croaa flow, it pul 1 a 
along with it particles of fluid belonging to the 
croaa flow, due to the frictional force apparent 
there. Aa these croaa flow particlea are entrained, 
ao, too, ia the aoaentua associated with thea. 
Since the aoaentua vector of the cross flow is 
perpendicular to that of the issuing jet, it follows 
that this becoats a aechanisa responsible for the 
direction change of the jet. This aoaentua 
transfer, in other words, causes the jet to acquire 
a velocity coaponent in the direction of the cross 
flow. 

The third aechanisa is related to the first and 
second in that it considers the jet to be a 
cylindrical slug of fluid, and gives soae physical 
aeaning to entrainaent. In this aechanisa, though, 
one looks aore in-depth at what occurs fluid 
dynaaically as fluid peases over a cylinder. Most 
obviously, there is a high pressure area where the 
cross flow iapinges upon the issuing jet. Secondly, 
a low pressure wake foras downstreaa of the cylinder 
as the flow detaches. The cross flow, then, will 
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V, 
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begin to flow in the direction of the favorable 
preasnre gradient* or into the low presanre region 
behind the jet. This aotion aeta np a pair of 
vorticea, canaing the jet to becoai kidney-1 iko in 
ahape aa aeen in the figure belov. 



Thia indnced vortex action ia held partially 
reaponaible for the entrainaent that occnra in croaa 
flow injection altnationa. Platten and Keffer^^ 
ahoi that the increaaed apreading rate aaaociated 
with thia injection c on f i g nr a t i on ia attributable to 
thia vortex pair formation aa veil. 

Jnat aa the free jet vaa diaaaaeabled into ita 
three baaic regiona, the aingle Jet in a croaa flow 


can be siailarly viewed. This type of jet alio hai 
three principal regions, the first of which is 
referred to as the potential core and is baaed 
■ ainly on the jet to cross flow aoaentua ratio bnt 
is also loaewhat dependant on the jet Keynolds 
noaber based on initial jet disaster^*). 

The next region identifiable is downatreaa of 
the potential core and is folly tnrbolent. 
Vorticity produced by the cross flow negotiating 
aronnd the cylindrical jet gives rise to the 
foraat ion of the vortex pair within the jet, giving 
it a kidney shape while average jet velocities begin 
to diainish toward the aabient value rather quickly. 
After a relatively short distance, the jet 
trajectory becoaes nearly parallel to that of the 
cross flow. This tone is coaaonly referred to as 
the "xone of aaxiana d e f 1 sc t ion, " or the 

• 'curvilinear zone . ’ ' 1171 

In the third zone, the "far field 
the two vortices are literally overrun by the cross 
flow and subsequently swept downatreaa at 
velocities nearly that of the cross flow, although 
such conditions are reached asyaptotically. 
Additionally, the aaount of circulation appears to 
decrease as one aoves downatreaa. This zone is 
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known to exist op to 1000 nozzle disasters 
downstreaa. Again, these stiteaents lervi at erode 
approxiaat ions of the reverse flow coabostor beeaose 
they do not consider aceeleration of the cross flov, 
hot a general idea of what to expect is presented. 

The aost socceesfol aodelllng of a jet in a 
cross flov inc lodes soae consideration for Jet 
entrainaent. In this brief diseossios on related 
works, soae of those are presented nov. Fan^ 10 ^ 
developed an interesting node 1 for the jet 
entrainaent. For this flnid aechsnisa, he snggested 
an entrainaent coefficient, E. Using this 
coefficient, the development was taken farther, end 
an entrainaent velocity was defined as follows: 

V # - h ( a b s ( V j - V)) - E((V Js - V) 2 ♦ V jy 2 ) 1/2 

(II. 5) 

In a torbnlent jet, as aentioned above, aacs 
flox within the torbnlent region increases by 
entraining the sorroondlng flnid ns progression 
dovnstreaa occnrs. In accordance with Kaactrni and 
Greber^ 14 ^, and nsing the coordinates of figore 8, 
the rate of increase of aass flox is given by: 


IS 


Jfl - p*l«V # (II .6) 

ihtn p la the denaity of tba croaa flow, 1 ia the 
pirlaitir of tba turbulent region, and V # ia tba 
entninaent velocity, or tba velocity with wbicb tba 
turbulent front ia advancing into tba croaa flow at 
a particular (. 

Equation II. 5 abowa E being need aa a 
correlation coefficient for tba entrainaent velocity 
that mi tbe vector difference between local jet 
and local crose flow velocitiea. The value of E was 
found to fall in the range of 0.4 to 0.S for Vj/V 
ration ranging fron five to 20. Th i a correlation, 
however, la intended for a unifora area croaa flow, 
and begina to break down under acceleration. 

Hoult at il ahow an asymptotic solution for 
Jet trajectories coapared to experimental values at 
various velocity ratios. Froa this Investigation, 
yet another description of entrainaent velocity was 
developed. In this correlation, tbe description of 
entrainaent is dependant npon tbe difference between 
local Jet velocity and tbe parallel and noraal 
conponents of tbe cross flow velocity. It contains 


two entrainaent coefficients 
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Figure 9: Diagrsm for Boult's entrainment equation. 

The correlation developed is as follows: 


v e * F i< v j - Vc o s ( 0 ) ) + E 2 (Vsin(0) (II. 7) 

The values for Ej and E 2 are given as 0.11 and 0.6 
respectively for a velocity ratio ranging from one 
to ten. 

In a similar development. Kamotani and 
Greber^^ constructed a mathematical relation 
depicting entrainment velocity which is also 
dependant on cross flow velocities both tangential 
and normal to the jet trajectory. In this 
development, however, the value of jet velocity used 
was taken as the maximum value of fluid cpeed in a 
given normal plane instead of the average jet 
velocity as had been in earlier investigations. 
Iheir relation is written: 


V - E,(V. - Vc o s (9 ) ) ♦ E,Vsin(0) 

C 1 J ® I X a 


(II. 8) 
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where 9 is defined in figure 9. The values of Ej 
and E j were seen to wary with changing jet to cross 
flow sosenUs ratio, J. For instance, with J ■ 
IS. 3, Ej and E 2 were found to be 0.07 and 0.32 
respect iv 1 ey. As J was increased to 59.6, Ej and E 2 
were found to be 0.067 and 0.182 r e s p e c t i ▼ 1 e y . 
Incidentally, laaotani and Greb«r showed that 

for a single jet, a decrease in the channel height 
did not have a considerable affect on the trajectory 
of the jet unless the opposing wall was brought so 
near that the jet iapinged on its surface. They 
also show that increasing sosentus ratio caused 
increased penetration of the trajectory into the 
cross f 1 o«. 

In addition to the above stateaents concerning 
perpendicular jet injection, nuaerous other studies 
hsve been done using a wide array of experiaental 
techniques and theoretical approaches. As an 
overview, soae of these will be stated here. Chien 
and Scheti^^ actually took the tiae to solve the 
three-diaens ions 1 Nav i jr-Stokes equations and energy 
equation written in teras of vorticity, velocity, 
and teaperature. Specifically, they solved the 
single jet perpendicular injection into a cross 
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flow problem. Comparisons with a laminar cross flow 
experiment did show good agreement. However, when 
mod i f i c a t i on a were made to more cloeely model a 
turbulent buoyant jet, less promising results were 
seen. Analysis showed that trajectory information 
was quantitatively acceptable, but the three- 
dimensional informaiotn was only qu a 1 i t a t i v 1 e y 
acceptable. Inaccuracies were blamed on the simple 
turbulence model. Campbell and Schetz^l also 
produced a three-dimensional analysis for the jet in 
a cross flow. Their scheme for predicting 
trajectories included buoyancy forces and 
entrainment terms in the momentum equation 
perpendicular to the trajectory. Finally, one of 
the only investigations performed on a non-uniform 

r 2 8 1 

cross flow was done by Sucee and Boiley 1 . This 
investigatcn was not detailed combining drag and 
entrainment concepts into a single force. This 
approach uses the Abramovich idea that the jet can 
be treated as a cylinder in a cross flow. 

As can be seen, then, little work pertains 
directly to flow within the reverse flow combustor 
by the nature of its odd geometry. However, the 
work described here does allow one to make some 
intelligent judgements as to what might be expected. 




22 


2.3. Two-Dimens ioua 1 Jc t s and Multiple Jo t » 

In a jet engine coabist ion ehieber, it is 
typical for jets to be injected in rows that 
normally ron perpendicular to the length of the 
coabostor. In this work, the stody of multiple jet 
injection is conducted. Therefore. it becoses 
important to scan qnickly some related jet 
investigations to get a notion of vhat to expect. 

As spacing between a multiple number of jets in 
a row decreases, the behavior of the row becomes 
increasingly similar to that of a two-dimensional 
slot jet. Albertson 1 J showed both theoretically 
and experimentally, that in the case of a free slot 
jet. the velocity is a function of the reciprocal of 
the square root of the distance from the jet: 

Vj « J. (II. 9) 

s 1/2 

Also, spreading of the jet is a function of the 
square root of the distance from the jet injection 
point: 


1/2 


b « s 


(II. 10) 
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This behavior is quite different f roi that of a 
single round Jet described above. Lastly, 
Albertson^ 2 ] gives an expression for volnse flnx as: 

- 0.62 J j 1/2 (II. 11) 

In searching for literstnre on rows of single 
jets, it was found that all of the work was 
experimental in nature. Empirical correlations 
generally accompanied the experimental results. 
This type of work is inevitsbly useful only for 
similar flow configurations, since the governing 
correlations do not normally include a provision for 
different cross flow geometry and injection 
geometry. 

One of the most important results from the 
multiple jet investigations is the concept of vortex 
interaction between adjacent jets. Vortex 
interaction causes a downward movement of the jet 
trajectory. However, in the limit where the spacing 
between adjacent jets becomes very small, the vortex 
formation is limited, hence the downwash is leas. 
Experiment shows the deteriorating trajectory is 
followed by a higher trajectory as the spacing 
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continues to decrease. In the following diagram. 



Figure 10: Schematic of vortex interaction 

each kidney shape represents a single jet. Each 
shape contains two arrows indicating the vortex pair 
associated with each jet. Upon examination of the 
effects on jet two above, one can see that vortex IB 
has a downward effect on jet 2. Vortex 1A. however, 
has an upward effect, but since the distance from 
vortex 1A to jet 2 is larger than the distance from 
vortex IB to jet 2, the resultant effect is a 
downward tendency. The effect of the vortices 
associated with jet 3 on jet 2 are identical to 
those of jet 1 on jet 2. It must be noted, however, 
in the limit as one decreases the spacing between 
the jets, the vortex formation is hindered and the 
effect described above becomes minimal. During 
injection into a confined cross flow, as one 
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decreases the spacing ratio and approaches the 
geoaetry of a two-d iaens i ona 1 slot jet, a second 
aechaniaa that has a downward effect on the Jet 
trajectory is defined. As the injected flow becoaes 
increasingly two-d iaens iona 1 , the cross flow asst 
pass over the top of the jet and not between 
individual jets . The resultant effect is a 
supressed trajectory to allow the cross flow 
suf f ic ient area. 

2.4. hii.rit Eifi* C£«feuil_ax 

One previous study on jet injection in a 
reverse flow coabustor is svaisble. After 
the presentation of descriptions of the physical 
facility, experiaental procedures, and relevant 
paraaeters, conclusions froa this study will be 
suBBsrized. In addition, in the presentation of 
data froa this work, trajectories froa the aodel 
developed in the previous work will be shown and 


coapared to experiaental trajectories 


CHAPTER III 


THE REVERSE FLOW COMBUSTOR: 

THE APPARATUS. EXPERIMENTAL PROCEDURES. AND ERROR 

3.1. Appirttp* 

For this experimental project, date tn taken 
from a 90* anbaectlon model of a reverse flov 
combustor. This model combustor was designed and 
built exclusively for the purpose of performing 
dilution jet injection experiments. Dimensions of 
the combustor are similar to foil-site rigs in 
operation. Figure 11 shows a schematic of the 
experimental rig fully dimensioned. From this 
schematic, the aspect ratio of the apparatus . 
defined as: 


AR - Mean Combustor AlSlfPKtfa 

Combustor Channel Height 

is calculated to be 7.125 for the primary xone (that 
section downstream of the fuel injection but 
upstream of the turn) and 7.00 at the exit. With 
such aspect ratios, it is expected that at the 
centerline of the combustor, no secondary flows with 
significance will ex let. The primary xone of the 
device is constructed from I n c onn e 1 -7 5 OX super 
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alloy, allowing wall temperatures of up to 1200*F 
(650*0 withoot significant warpaga. Tha torn 
aaction is constructed fro* split 90* stainless 
steal elbows. Figure 12 shows a photographic wiew 
of the entire set-op including supporting apparatus 
required for device operation and data acquisition. 

The fuel used in this node 1 combustor is 
natural gas. As is typical in using natural gas for 
fool, air is used as the oxidizing agent in the 
combustion process. In addition, air is used as the 
primary cooling agent as well as the dilution jet 
cooling agent. Consequently, all of these air 
requirements are taken from the same source, a 
centrifugal blower that develops one psig while 
delivering two lbs. of air per second. The natural 
gas is supplied at 0.4 psig. 

The injection points of the combustor exist in 
four distinct rows, three on the outer wall and one 
on the inner wall. The spacing between the dilution 
jet ports is different for each row. Each row is 
placed perpendicular to the length of the combustor 
on rays axtending from the combustor centerline. 
Each row contains 21 ports each with an initial 
nozzle diameter of 7.11 mm. 

The combustion process occurs 432 mm upstream 



Figure 11: Principal Combustor Dimensions (mm) 
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ORIGINAL h'.'*V 

OF POOR QUALITY 



Fig nra 12: Photographic view of aipariacotal 

apparatus 
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of the 180* bend in the coiboitor. At this point, 
nine burners are sitnated that deliver a aixtnre of 
natnral gas and air that is slightly fnel rich. The 
■izing of air and natnral gaa for the preaizied 
flaae occurs ontside the coabnstor. Although each 
natural gas burner has an adjustaent to vary the 
quantity of fuel delivered, no such convenience 
exists for the cosbustlon air delivery. It is 
assuaed that an equal anount of air is delivered to 
each burner froa the aan i f o 1 d- 1 i k e apparatus that is 
attached to the end of the coabnstion air delivery 
pipe. Vithin the conbustion chaaber, the priaary 
cooling air is delivered froa a series of snail 
holes that encircle each burner. It is thought that 
the hot coabust ion gas nixes with the priaary 
cooling air as it aoves down streaa. Once again, 
there is no indication whether or not each priaary 
cooling air delivery station is experiencing the 
sane aass flux froa the cooling air aanifold. It 
nay be seen later that this lack of infornation aay 
result in a skewed tenperature or velocity profile 
in the coabnstor before the turn and without 
injection. 

As was stated earlier, all of these 
requirenents are aet by using a centrifugal blower. 
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This centrifugal blower delivers air to foar pipes 
in a netwci'k. Each pipe is equipped with an orifice 
aeter to doteraias ita flow rate. The natural gaa 
delivery ie aonitored in the ease Banner. Ueing 
an ASME^) atandard on orifice aetere. calibration 
curves previously determined were verified. 
The pressure taps used in the orifice aeters Boat 
closely approxiaate the corner tap type. The 


orifice plates used are 

sharp edged. 

The following 

table shows pipe and 

orifice sizes 

used for the 

experiaent : 




PlRAliRj-I 

OlHitAlifiol 

Coab u stion Air 

4.297 

1.400 

Cooling Air 

4.297 

2.418 

Dilut ion Jet Air 

4.297 

0.904 

Nature 1 Gas 

2.233 

0.302 


The procedure used to verify the calibration 
curves uses eapirical information. Required 
inforaation for this particular expariaent includes 
inlet pressure before the orifice plate, specific 
weight of the flowing gas, orifice to pipe ratio, 
and a correlation coefficient taken froa ASME^^. 
Each of the orifice aeters were calibrated in this 
way, and each Batched within 0.3% the calibration 


f 
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equations found in the pr«T lost ixpiriieat, 
Add i t * one 1 1 y, tho following sil ibnt ion iqmt iom 
rtpreunt tho resulting curves: 

Coabu s t i on Air (Ig/s> - 0 . 003 0 ( h w c c-b ) 1 1 2 

Cooling Air (Kg/s) - 0 . 0094 ( h, # 0 0 j ) 1 1 2 

Dilation Air (Kg /•) - 0 .0012 (h w d i j ) 1 /2 

Nitnr.l Got (Kg/s) - 0 . 0003 ( h w Q # t # , ) 1 7 2 

In the above equations, tho values of h T art tho 
■ moicttr readings and Bast bs given in an of water 
differential. 

In e logical progression, the next topic to be 
discussed is the date gathering capability of the 
sjstes. As shown in figure 13 below, a rake of 
proboa is attached to a rotating and traversing 
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Using f i | d r • 13 «• a guide, a radial lOTiaant 

within tha conboator ia fro* wall to wall at shown 
by tha arrow placed beside the fiwe-probe rake. 
Axiauthal aoveaent is an angular displacement 
through the torn as shown by the enrwed arrow. 

The rake of probes consists of 10 distinct 
probes at fiwe locations (spaced at 3.37 initial Jet 
radii apart). As can be seen in figure 1 4 , the 
proses are located 0.30 inches (12.7 ■■) ipart 

giving a total rake width of 2.00 inches (30.8 ■■). 
At each location exists a p i t o t - a t a t i c tube, 0.167 
inches (4.24 ■■) in disaster for the aeasurcaent of 
total and static pressure froa which velocity can 
be calculated. Tack-welded to each pitot-static 
tube is a c hr one 1 -a 1 uae 1 theraocosple aeasuring 0.01 
inches (0.234 aa) in diaaeter for teaperatnre 
aeasnreaent of the flow. 

Total and static pressure values froa each tube 
are routed to five individual pressure transducers. 
The transducer us d is Setra Systeas High 
Accuracy aodel 239 for pressure ranging froa 0 to 
0.2 paid. Aa excitation voltage of 24 volts ia 
required to operate each device. The output of the 
transducer ranges froa xe:o to five volts and is 
directly proportional to the input delta pressure. 


m jr 


..‘•a eL # 
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Etch thenocoople is rooted to a switching box 
and ultimately to a node 1 400A Doric Trendicator 
digital teaperatore aeaaoring device. The Doric 
Trendicator ia equipped with an analog linearixing 
circuit. This circuit reads the LED display of the 
device and outputs a voltage in aillivolts identical 
to the number on the display. 

All five transducer outputs and the five analog 
teaperatore signals are then routed to an IBM 
personal coaputer, model XT. Since the signals are 
analog, it is first necessary to process then 
through an analog to digital conversion system. The 
systea used in this case is the Labaaster aodel 
aanufactured by Tecaar, Inc. This particular board 
allows 12 bit accuracy. In addition, it is possible 
to channel the input signal through a programmable 
gain so that it reaains as near full scale as 
possible for the aost accurate conversions. The 
software used to take and process the data as it is 
converted or typed at the keyboard was written 
entirely by this author. Additionally, prograaaing 
to output inforaation as plots or in foraatted fora 
was written by this author. 

The systea also has soae supporting apparatus 
that should be mentioned here. A aajor coaponent 



junction of a t h e ra o c oup 1 e . Tha other input ia an 
adjoitab la voltage for coapariaon. When the 
theraocouple voltrge fall* belov that aet by the 
adjuatable one, the op-aap ahuta down. Thia, in 




turn, cuta current to the relay that controla the 
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power to the natural gaa valve thereby cloaing it. 

Three DC power anppliea are need in thia 
experiment, aa well. One ia u;ed to anpply power to 
the aafety control aechanisi. The other two are 
mounted in the tranaducer panel supplying the 
required excitation voltage f c * them. 

3.2. Exoe r iment a 1 Proofed?* e a 

When one wanta to run at experiment uaing the 
model reverae flow combuatcr, one aimply operatea 
through e compute: ..id a aeriea of computer 

programa. Thia aeriea of programa can be viewed in 
Appendix 4. Found in Appendix 3 ia a detailed 
veraion of the experimental procedure including 
crucial atart-up and shut-down procedure*. The 
firat general purpose of thea* programa ia to create 
a mean* by which to acquire and atore preaaure and 
temperature data and calculate velocitiea. 
Secondly, proper atorage give* the ability to later 
retrieve thia information and print it *o that each 
experiment can be properly and eaaily identified. 

Vith the IBM XT at the experimental aite, at 
the outaet of each run, one muat input relevant 
information via the keyboard. Thia information 
typically characterixea the experiment in progreaa. 
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Spec i f ic a 1 ly , the following amt be identified: 


1. Filename 

2. The row in which Jeta appear, if an y 

3. The nnabcr of dilation jeta, if any 

4. The nuaber of nnnaed Jeta between operating 
Jeta 

3. Choice of aziauthal data taking incre- 
aent . 

(. Coabnator preaanre 

7. Baroaetric preaanre 

8. Coabnation air flow rate 

9. Priaary cooling air flow rate 

10. Dilution Jet air flow rate 

11. Natural gaa flow rate 

12. Cooling Jet teaperature 

13. Croat flow teaperature 

14. Six wall teaperaturea 


The aoftware saves theae valuea for future 
reference. Additionally, the aoftware perforaa all 
the neceaeary convert iont to aetric unita aa well aa 
placing the aanoaeter readinga into the 
c o r r e a p o n d i n g calibration equationa. After 
diaplaying each calculated value, a provision ia 
aade for ad juataenta to the aubaequent operating 
conditiona. If any are required, all calculationa 
are re-perf oraed. Laatly, the aoftware then aeta up 
the data acquiaition procedure. Autoaat ica 1 ly, five 
de 1 ta-preaaurea are taken froa the five pitot-static 
tubea while teaperature data ia taken one 
theraocouple at a tine. After the aet ia taken, 
velocity ia calculated and appeara iaaediately on 
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the CRT, tod the whole group ie tent to the etorage 
f lie . 

Since the aziauthal tpecing Increaent through 
the coebnttor it choten et the tiae of ezperiaent, 
there it not e fixed ouaber of date point locationa. 
At an exaaple, however, if one chootea 20* aa the 
aziaothal increaent (thia waa by far the aoat 
coaaonly need increaent in thia lnvettigation), a 
total nnaber of 76 rake locationa reaulta. Vith 
five probea on the rake, thia generatet 380 data 
pointi. In the chapter on preientation of data, 
there locationa are identfied in detail. In 
addition, data point averaging and atandard 
deviation calcnlationi will be diecnited. 

In the above ditcnttion, radial rake aoveaent 
wat defined. Figure 16 pointa out that thia radial 
aoveaent ie not really radial with reapect to the 
center of curvature of the inner wall or the outer 
wall of the coabuator. Thia ia a reault of the 
probea extending into the flow 13 


3.3. 


Eif Hiiairlti 


Aa with any acientific in v e a t i g a t i on , there are 
a group of iaportant quant it ie a that tend to 
characterize the ezperiaent. In thia caae, of 
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cooriii pruisri and ttipirltvn xnsroenti are 
taken ao that detailed teaperatnre and velocity 
fielda can be examined within the coabnetor. 



FLOW 



INJECTION 
POINT B 


MEASURING 

STATIONS 


ROTATING - TRAVERSING 
PITOT-STATIC TUBE 
THERMOCOUPLE RAKE 


NJE CTION „ 
POINT C 
START OF 
TURN SECTION 


Figure 16: Coabnator Coordinatea and Meaenring 

Stations 1201 

However, in addition, there are governing qnantitiea 
that provide nniqneneat for each given procedure. 
The first of these quantities is the density ratio. 
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Dr, defined n: 


Dr - 


P 


and is usually referred to as the ratio of the 
density of the injection fluid to that of the cross 
flow. In this invest if at ion, this non-d isens ions 1 
paraneter typically is shout. 2. IS or 2.75. These 
two distinct values of Dr arise fros using two 
distinct cross flow t sap e r s t u r e s . Specifically, 
about 7 1 0 • F (650 K) and 1020*F (820 K ) are the 

coaion cross flow tesperstures. The dilution jet 
injection occurs it roos temperature, generally 
aoaewhere near 70'F(300 K). Froa thia information, 
denaitiea of both gassea are calculable through the 
ideal gaa equation. 

For each denaity ratio, experiments csn slso be 
chsrscterized by sosentus ratio, J, defined as: 


P V 2 

This quantity is typicslly referred to ss the 
ratio of the momentum associated with the jet 
initially to that of the croas flow. It typically 
ranges from zero (no injection) to about 11.7. The 
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cross flow velocity for this ri| ranges fros eight 
to 12 ■ / s while j e i injecton velocities are 

normally between 12 and 22 m/a. 

Thirdly, a characterizing parameter, injection 
jet apacing ratio, Sr, ia defined aa follows: 

Distance between jet centerlines 
Sr - 

2b o 

This variable in the operation of the combustor 
allows one to examine the effect of bringing 
individnal jets closer and closer together. In 
addition to this variable, there is a variable 
concerning injection jet location. Injection can 
occur from the inner wall (the wall with thn smaller 
radios of '‘urvature in the turn section) prior to 
the bend or from the outer wall prior to the bend or 
in the bend. 

With these characterizing parametera, the 
analysia of the acquired data ia more aenaibly 
accomplished since detailed information ia available 
as to how the dilution jets compare with the croas 
flow. 

With the acquiaition of temperature, total 
presaure, and atatic pressure at five probe 
locations, local velocity ia calculated as follows: 
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1 


2(P t - 


P .> 


1/2 


L J 

This rt 1 it ion for velocity is found f ros tbs 
Bernoulli equation. Of oonrsi. this issnsis that 
the siisnred flow is inc ospr e s s ib 1 s end suffers fron 
no frictional losses. Ia this investigation, M a is 
typically 0.02 for the cross flow and 0.03 for the 
jet. Vith this inforaation, it can be said that the 
coai<ressibility effect on the accnracy of the 
velocity Measuring device is negligible for this 
purpose. Also, since the Na is anch less than one, 
it can be said that there is never s significant 
deviation between inpact and static t eap e r a t n r e s . 

One can now effectively characterize an 
ezperiaent in the reverse flow coabnstor and have 
confidence in the quantities being aeasnred. 

Presentation of the data froa this ezperiaent 
is done in a variety of plots. Inforaation plotted 
on then are generally noraalized teaperatnre and 
velocity profiles. The noraalization for 
teaperatnre is derived froa the pattern factor Pf, a 
parameter used to ezaaine teaperatnre non-nniforaity 
within coabnstion chaabers. The pattern factor is 


defined as: 
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Pf 


^ T mSX “ T iTe^ 


(T 


ITI 


' T Jo> 


Th • oorai 1 ixtd tupiritnri ti 1 it ion u ■ • d bar* ia 
defined aa: 

(T. - T) 


(T 


Jo 


- T) 


Tha normalization of velocity ia aa follova: 



V 


This normalization |iiei tha deviation from the 
cross flow velocity anywhere in the combustor. 
Cross flow conditions are the temperature and 
velocity one find* at tha firat azimuthal measuring 
station, midway between the outer and inner walla. 
Figure 16 ahowa that the firat azimuthal meaauring 
location is the one immediately before the turn 
section. 

For purposes of plotting simplicity, the combustor 
sketch shown in figure 16 was unwrapped, such that 
tha inner wall became a atraight line, and tha outer 
wall bicama a mathematical curve moving closer to 
the inner wall depicting tha area decrease that 
occurs in moving through tha combustor. Shown in 
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figure 17 in a sat of radial aoraal izad taaparatara 
profilaa c ha r a c t a r i • t i c of this coabaitor at the 
lover Dr vith no dilation Jet iajactioo taken froa 
the center probe of the rake. The nnabers along the 
bottoa carve (the oater vail) are the atiaathal 
abaciseae locationa correaponding to thoae in fignre 
16. Looking closely at the firat aziantbal teat 
location, one can identify nine teata point* that 
aore radially froa the inner vail to the oater vail. 
The one neereat the inner vail ie radial poaitlon 
95, the next one tovard the oater vail ia 85 and ao 
on antil on* arrive* at that point cloaeat to the 
oater vail vhich ia labeled IS. A* one aovea 
azianthally throngh the coabaator, one can aee that 
the naaber of radial poaition* decrease*. At the 
exit, for instance, only five radial positions 
exist: position 95 at the inner vail throngh 
position 55 at the oater vail. The area decrease 
can be seen by noticing that the oater vail has 
aoved significantly closer to the inner vail. More 
specifically, there arc nine equally spaced (1.56 
initial Jet radii) radial positions at axianthal 
stations one through five. Axianthal station six 
has eight radial positions, axianthal station seven 
has seven, axianthal station eight has six, and 
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azimuthal ttitlooi sii« and tan havi fit* radial 
poa it ion a . 

At tba top of the plot ia a aat of information 
that c h a r a c t • r i z • a th# particular plot. In this 
caaa. we aaa Dr ■ 2.23 idantifjini the croia flow 
taaparatnra, and a taro J due to the fact that there 
ia no injection, and an Sr labeled "no injection" 
to avoid confnaion. 

Upon examining the profilea themselwes, one can 
tee that at each axinnthal atat ion, the profile can 
■ owe to the right or the left of the abiciaa* (lines 
drawn ont by the probe tips during radial aoveaent) . 
Mowing to the right indicates a temperature that ia 
greater than the cross flow temperature. Mowing to 
the left of the abscissa indicates that the local 
tespsratura has fallen below that of the cross flow 
(and t has become positiwe). In the case of jet 
injection, it ia not uncommon to obserwe profilea to 
the extreme left of their reapectiwe abscieaae. 

Examining figure II, once obaerwes a set of 
normalised Telocity profilea for the earns flow 
conditions as those for the temperature profile in 
figure 17. The plot is identical except for the 
magnitude of unity for the normalised quantity. In 
this plot, mowenent to the right of the abscissa 


f 
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indicates « velocitj that la greater than the cross 
flo* Telocity. CoDTerse ly, soTiaist to the left of 
the baseline indicates a Telocity siagnitnde leas 
than that at the croaa f ' on location. 

Figures 19 and 20 sake nse of the five-probe 
rake. Theae plota are referred to aa lateral 
r e p r e s e a t a t i on s of the flow conditions. Both 
figures 19 and 20 indicate noraa 1 ized teaperature 
profiles, bnt those can be aade for Telocity as 
veil. In the case of figure 19. represented is the 
lateral span of the rake at one particular axianthal 
location and one particular radial position. In 
figure 20, a three-d iaens iona 1 Tie* is constructed 
by using all the radial positions at a g i t e n 
aziauthal atation. As can be aeen on these plots, 
all the characterising information ia present 
including data locations. 

Each sign shown on t k plots is a data 

point. Each data point, aa diaensaed earlier, ia 
conatrncted froa Tarious teaperature and preaaure 
information. In thia experiment, erery teaperature 
and pressure measurement is actually an iTerage of 
2 5 samples. The analog to digital conuers ion 
software is set up so that 23 samples are taken, the 
average calculated and stored and the standard 



Figure 17: t. No Injection 





Figure 18: y. No Injection. 
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deviation calculated and presented. This method of 
data acquisition allows the eiperisentor to obtain a 
reasonable average from fluctuating conditions. In 
addition, the calculation of standard deviation is 
helpful in the error analysis. Also, a growing 
standard deviation indicates sons problea with the 
data gathering apparatus and allows one to search 
out the problea before it propagates through all the 
data. 

3.4. Presentat io n o f Expected Error 

Using a conservative error analysis clearly 
documented in detail in Appendix 5, the following 
errors are expected. The values listed are 
percentages of the indicated quantity. 

Temperature, T + 1.2% 

Pitot-static pressure, Pj - P § ♦ 4.2% 

Velocity. V ± 2.7% 

Noraalixed temperature, t + 4.5% 

Normalized velocity, y + 6.6% 

Momentum ratio, J + 18% 

Density ratio. Dr + 6.4% 

On the data plots, the error in t corresponds to +3 
data point widths. The error in y corresponds to 
±0.25 data point widths. 


MOMENTUM RATIO: 9.74 AZIMUTHAL STATION: 0 DEGREES 

DENSITY RATIO! 2.20 RADIAL STATION: 55 UNITS 

SPACING RATIO! SINGLE INJECTION FILENAME: \datfiles\dl913 
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Figure 19: Representative Lateral Plot of t. Outer Wall Prior to Bend, 




CHAPTER IV 


CONCLUSIONS FROM PREVIOUS REVERSE FLOV COMBUSTOR 

STUDY 

Prior to presenting date end conclusions from 

this investigation, a sssiarj of the conclusions 

f 1 8 1 

found f roa the previous tesperature study 1 ‘ is 
given belov. As a presentation of the sode 1 
formulated in the previous work, calculated dilution 
jet trajectories are shown along with the 
experisenta 1 trajectories of this work where 
possible in the next chapter. 

The summary is as follows: 

1. Increasing density ratio gives rise to a deeper 

penetration of the jet into the cross flow. 

2. Increasing sosentus ratio gives rise to a 
deeper penetration into the cross flow. 

3. Inward drifting phenomenon identified dne to 
the natnra of the flow accelerating along the 
inner wall. 

4. Longitudinal acceleration suppresses single jet 
thermal spreading rate. 

5. Confinement effect, measured by the ratio of 
channel height to initial jet diameter, 
suppresses trajectory as spacing ratio 
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decreasea . 

6. Smoothing of radial teaperature gradianta 
occurs far bafora tha azit. 

7. Tightly apacad row of jata iajactad from tha 
innar vail attachas to that vail, shielding it 
froa tha ootar hot straaa. Injaction froa tha 
outer vail panatrataa deeply into tha croas 
flov and doaa not attach to tha ostar vail. 

8. Vary lov aoaentua flov injected froa tha ontar 
vail tends to stay there throogh tha torn. 

9. Apparently, proper injaction can result in a 
desired teaperature profile. 
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CHAPTER V 


SINGLE JET INJECTION DATA AND CONCLUSIONS 


In tbit chapter, a representative group of 
s.'ngle jat injection conf ignrat iona will bo examined 
in detail by looking cloeely at radial and lateral 
plots. To obtain a representative group, one Bust 
look at injection f roa the inner wall before the 
bend (14.67 initial jet radii npstreaa, point A in 
figure 16), injection froa the outer wall before the 
bend (14.28 initial jet radii npstreaa, point B in 
figure 16), and injection froa the outer wall into 
the bend (S.S3 initial jet radii into the bend, 
point C in figure 16). 

Enough inforaation must be ezaaiaod so that 
trends associated with changing aoaentua and density 
ratios becoae evident. In this section, spscing 
ratio is not iaportant. 

Belov, find observations froa individual testa 
with conclusions drawn froa all of thea at the close 
of the chapter. 


s.i Mr leiicUga 

To properly analyze the effects of dilution jet 
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injection on flow conditions in the coabostor, on# 
■nat firat attains the reanlts associated with no 
injection. In figure 17, one can aee that 
temperatures seem to be skewed near the inner wall 
Just prior to the bend. Calculating the pattern 
factor for this position, one finds that the wains 
newer eexseds 0.07. Coapar ing this wains to the 
typical walne of 0.2 fonnd in the exit patterns of 
operational c osb n s t o r a ^ ^ , it can be said the the 
onconing cross flow has a relatiwely flat profile. 

Vith aowesent downstreas, one sees a decrease 
in normalized temperature, indicating that 
temperatures are falling below that of the defined 
cross flow. This decrease in temperature is 
attributable to heat losses through the combustor 
walls. 

Examining the normalised welocity profiles 
presented in figure 18, the immediately obwious 
feature is that the radial profile at the first 
azimuthal station is quite uniform. As one mowes 
downstream, an increase in welocity ia detected from 
inner wall to outer wall. In addition, an increase 
in welocity at the inner wall with respect to the 
outer wall is obserwed. This phenomenon is 
attributable to the fact that the inertial ly 
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dominated flow attempts to negotiate the turn like 
an irrotat iona 1 one. For this to occur, a greater 
acceleration at the inner wall with reapect to the 
onter wall ia necessary. It ia alao thought, that 
due to thia greater acceleration, a drifting inward 
of aaai ia eapected to satisfy conservation of aass. 
Lastly, pressure aust increase from inner to onter 
wall to support the turning fluid. 

Generally, to identify a teaperature trajectory 
of cool injected fluid, one connects the ainiaua 
teaperature at one aziauthal position to the ainiaua 
at the next. However, in doing thia, one aust be 
careful to consider the profiles with no injection 
to avoid choosing an inappropriate aaxiaua t. In 
identifying velocity trajectories, one connects the 
aaxiana velocities. In this case, one aust clearly 
consider the increasingly skewed profiles that 
appear through the turn section. Typically, during 
injection, one sees a velocity decreae downstreaa of 
the wake created by the "cylinder'* of fluid that 
obstructs the flow. As one aovea froa the injection 
wall, a juap in velocity ia detected indicating 
probe aoveaent out of the wake and into a region 
where velocitiea becoae greater than those expected 
with no injection. 
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3 . 2 . LffJ HahaUr lalisilga--9ittr WiH--Prlgi 1 a Baa4 

Exia is io| (i|nri 21, on* can ••• that at 
azianthal atatioa obi, all tbIbm of t an affactad 
azcapt tha two naaraat tha issar vail. Tka ta 
position* ara shoving a taaparatnra decrease, and 
hence, a x increase. Radial position 63 ahovs tha 
aaziana x, thereby qualifying for tha trajectory 
location. 

At azianthal station tvo, a significant 
taaparatnra decrease occurs at radial positions 43 
through 93 vith a aaziaua x occurring at 73. This 
ahovs aoveaent closer to tha inner vail. 

At sziauthal station three, significant 
teaperitura deterioration occurs at positions 63 
through 93 vith aaziaua deviation occurring at 
position 83. Azianthal location four shovs lover 
teaperatures at the inner vail vith aaziaua x 
occuring agian at position S3, shoving the theraal 
trajectory quite close to the inner vail. 

Azianthal stations from this point to the ezit 
shov teaperatnre decreases at the inner vail region, 
but no asziaa can be Identified. It can be said 
qualitatively that the injection Jet does Bigrate 
tovard the inner vail even at these locations, but 
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dot to ■izin| in the radial direction, a trajectory 
ia no longer Meaningful. 

Figure 22 ihoia the noraal lied Telocity plot 
for thi i caae. Aa indicated earlier, at the 
injection point, the Jet acta aa a flow obatrnction 
to the croee flow, causing a low preasure, low 
Telocity wake downatreaa. As one exits froa the 
wake, one expects to experience a Jump in Telocity 
followed by soae Telocity distribution within the 
spreading Jet. At the first axiauthal aeasnring 
station, one obserwes a significant decrease in 
Telocity at radial positions 13 through 43. The 
juap is obserTed at position S3 with the aaxiana 
occurring at position 73. 

At axiauthal station two, the juap is obserwed 
again, with aaxiana y occuring at position 73. 
This choice for the trajetory location is a little 
less obwioss. Position 73 also shows the aaxiana 
posit iwe dew 1st ion froa that for the no injection 
situation. 

After axiauthal position two, soae increased 
welocities can be detected bnt trajectories are no 
longer definable. la coaparison to the teaperatur^ 
profiles, these show a auch less drastic change due 
to injection. Trajectories are definable for a 
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letter dietince dotnitren ee veil. Vbea one 
coneidere a free jet as a very crude approximation, 
one sees a deterioration in velocity proportional to 
the inverse of the distance from the virtnal origin, 
giving velocities at the start of the torn section 
slresdy each less thsn that of the cross flov. Tith 
this in mind, these velocity deviations seem 
r essonable . 


3.3. High Mfillfilfi* 


ifi Bifid 


Eissining the teaperatnre profiles for high 
■onentnn injectir. f roe the onter veil (J “ 9.74), 
one observes that .11 the radial positions of the 
first azimuthal station are shov.ag a temperature 
decrease. The maximnm t occurs at radial position 
63, qualifying this as the trajectory position. 

Kadial position S3 shovs the maximum 
temperature decrease at the second asimuthal 
station, vhile the brunt of the cooling seems to be 
at radial positions 43 through 93, near the inner 
veil. The indication here, again, la that the 
thermal trajectory is moving toward the inner wall. 

At azimuthal station three, radial positions 63 
through 93 indicate cooling due to injection. In 


61 


tbia radial aat hoimr, tha aailata t oc c a r a at tba 
radial poaltlon aianat tba vail (93). Tbla la 
aoaatbat anapact, bat whan coaparlng tbla proflla to 
that for no Injactioa, ona can aaa that tba 
taaparatnn deviation la alao graateat at tbla 
poaltlon. Tbla variflaa that vltb tba blgbar 
■ oaantne ratio, in j act ion froa tba oatar vail doaa 
in fact aigrata to tbe Innar vail. Dovnatraaa of 
axiantbal poaltlon tbraa. ona obaarvaa that cooling 
la aora evident at tba innar vail, bat daa to 
nixing, trajectory locationa ara no longar apparant. . 

Fignra 24 g i v a a tba noraalixad Telocity 
profiles for tbia Injactlon configuration. 
Exaaiaing tba firat axiantbal location, tba aaaa 
vaka pbanonaaon la evident. Vaka f 1 ov conditiona 
occar nntil a junp In velocity la delected at radial 
poaiton 63. Froa 63 to 93, f 1 ov velocitiea ara 
blgbar than expected for tba no injection 
conf igarat ion. Max iana 7 occara at poaition 73, iba 
trajectory location. 

Axiantbal poaition tvo axbibita a aaall Jaap in 
velocity near tba innar vail at poaition S3. 
Already at tbia poaition, a aaxiana la not really 
detectable, nor la a aaxiana poaitiva deviation froa 
tba no injection profile. Tba velocity trajectory. 
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then, is near the inner vail at thia point, hnt ia 
not technically definable. 

Azianthal atationa three, fonr, and continuing 
dovnatreaa have aioothed ao that no velocity 
deviation ia detectable. 

5.4. Low Moneot o n Injection — In ner Wg 1 l-rfri?! 1 2. I_S.fi 4 
Examining the teaperatnre plota ahown in figure 
25 for inner wall injection it J * 5.80, one aeea at 
azianthal atation one, a large teaperatnre decreaae 
in all radial locations but the one neareat the 
outer wall. Maxiana x occnrs at radial position 65, 
labeling that poaition aa the trajectory location. 

Azianthal atation two exhibits a siailar 
variance froa the no injection profile with the 
greatest teaperatnre deviation occurring at radial 
position 75, near the inner wall. Thia indicatea 
that after a penetration into the croaa flow, the 
jet begins to aigrate back toward the inner wall. 

Continning with thia thought, aa one ezaainea 
azianthal poaition* three and fonr, one finda that 
aaziana v occnra at radial poaition 85 in both 
casea. Thia ahova a continned aoveaent of the 
theraal trajectory back toward the inner wall with 


aoveaent do 
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Further dovnstrean, a definite cool region 
exists at the inner vail for quite a long distance. 
In fact* sore cooling at the inner vail vith respect 
to the outer vail is evident even at the exit. 
Apparently, nixing at the inner region is less than 
that at the outer vail. 

Exaaining the plot of y shovn in figure 26, one 
should be avare of the profile for no injection. 
Upon observance of azinnthal station one, the 
expected vake is evident fron the inner vail out to 
radial position 55. Recall that for injection fron 
the outer vail, the vske region vas located fron the 
outer vail tovard the center. The expected velocity 
junp does occur at radial station 45. This station 
also serves as the trajectory location since it is 
also the local naxinun y . 

Azinnthal station tvo indicates a a ini 1 ar 
profile as above. Once again, the vake effect is 
evident at the inner vail fron radial positions 55 
to 95. At position 45, one sees a peak velocity and 
one that qualifiea for the trajectory location. 

After this point, snoothing of the velocity 
profiles causes difficulty in identifying trajectory 
locations. A quick observation here is that in the 
inner vail injection configuration, velocity 
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trijectoriti tend to deviate sore f roe the 
teaperatnre trajectories than in the onter wall 
injection case. Also, the velocity trajectory does 
not ai|rate as perceptably toward the inner wall as 
the teaperatnre trajectory. 


5.3. HiA MowiBlBl 


1 S. B;d4 


Figure 27 indicates at aaianthal position one a 
significant teaperatnre deterioration near the inner 
wall. In this esse, the aaziana x occurs at radial 
position 55, the first trajectory location. In this 
higher aonentna case, all of the teaperatnres along 
the station have been lowered, giving rise to the 
idea of greater penetration doe to greater aoaentna 
ratio. 


Teaperatnre profiles at aaianthal station two 
show a siailar behavior bnt not quite as skewed as 
station one. Here again, all teaperatnres seea to 
be affected, bnt not to the ease degree as in 
station one. The trajectory location ia at radial 
position 53 . 

Aaianthal station three beglna to flatten 
soaewhat, bnt a aaaiana ia still observable at 
radial position 65. Even aaianthal station four 
shows a aaaiana, also at position 65. After this 
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position, considerable cooling is seen throughout 
the coibnstor, although cooling at the inner wa 1 1 is 
■nch sore pronounced. This set of profiles shows 
that even at this elevated sosentas ratio, a 
■igration toward tbe inner wall is evident after a 
deep penetration into the cross flow. 

Radiil velocity plots shown in figure 28 for 
this injection' configuration show behavior 
consistent with the teaperature plots. Upon close 
exaaination of the initial aiiautha 1 station, the 
lower wake velocity is observed at radial positions 
55 through 95. At location 45 a jump in velocity 
occurs with y peaking at position 35. Position 35 
is sarked as the velocity trajectory position. 

At aziauthal station two, the expected velocity 
jnap is seen near position 45 with the peak in y 
occurring at radial position 35, clearly aarking it 
as the trajectory location. 

Downstreaa of aziauthal station three, the 
profiles begin to flatten out and take the fora of 
those seen with no injection: a positive velocity 
gradient sets op froa outer to inner wall. 


5.6. Moaentua Ini ect ion--Outer WgH r I a t 9 tit RulA 

This injection configuration differs froa all 
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those presented etrlier in that it delivers dilution 
cooling sir fros the outer veil 5.63 initial jet 
radii dovnstreaa of the atart of the turn auction. 

Upon exaaiininf figure 29, the aost obvious 
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aigration toward the loner wall, even with a 
relatively weak initial penetration. At thia 
location, one can obaerve laiiaui t and 
conaequently the trajectory location at radial 
poa it ion 73. 

S n r p r i a i n g 1 y , at atiastha 1 atation aix, a 
trajectory location can viaoally be located at 
radial position 73. In addition, aignif leant 
cooling can he obaerved froa radial poaitiona 33 
through 93. After thia azianthal location, cooling 
along the inner wall la clearly aore proainent, but 
trajectory location* are no longer identifiable. 

Figure 30 diaplaya the noraaized velocity 
profilea for thia low aoaentna injection froa the 
outer wall into the bend. Firat, no effect i* 
noticed at the firat two azianthal locationa. At 
location three, one aeea the typical velocity 
decreaae at radial poaition IS doe to a flow 
diatnrbance at the injection point. At radial 
poaition 23, a Barked jnap in velocity to above what 
ia expected in the no injection configuration ia 
obaerved. Although no aaxiaua y ia aean, it ia 
likely that tha velocity trajectory location ia near 
the inner wall. 

Azianthal poaition four and thoae further 
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downstrean ihov no it Idisei of velocity 
trajectories, with the profiles resssis| the 
typically irrotaional one of the no injection plot. 

5.7. iiii jlsiABiai laitgHgaizOgHi fill-rial a. Hi Paafl 

The tenperatnre profiles shown in figure 31 
present results for J - 9.81. Just as in the case 
of low Bosintoa injection into the turn section, no 

s 

detecable change occurs at the first two azinuthal 
stations while the third sees a aajor tenperatnre 
decrease. Positions 65 through 95 appear unaffected 
at station three, with skewing beginning at station 
55 and the aaxinun t occurring at position 35. Note 
that this trajectory, as well as all the others, is 
narked on its associated baseline. 

Azinuthal station four shows narked skewing as 
well, with its nazinun x occurring at radial 
position 75, showing a definite nigration of the 
high nonentun injection toward the inner wall. 

Azinuthal locations fixe and six show an 
increase in x as one Boxes toward the inner wall. 

In both cases, naxiauas occur at the radial position 
nearest the inner wall (95) or at nost, one position 
away froa the inner wall (85). Again, this is 
strong exidence suggesting nigration toward the 
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inner vail. 

Figure 32 above the noraalized radial velocity 
profilea for high aoaentna injection into the bend. 
Aa ia trne vith all the velocity profilea, 
variationa are aoaevhat subtle. At azianthal 
etation three, the jnnp in velocity and aaziana y 
occnr at radial position 23. This, then, is the 
location of the trajectory. 

Examining azianthal station four, one sees a 
narked increase in velocity near inner the vail vith 
the jnap occurring at position 73. The local 
aaziana is observed at position 83, giving it the 
velocity trajectory identification. Farther 
dovnstrean, soae velocity increase is detectable 
near the inner vail, but not significant enough to 
choose trajectory positions. 

3.8. Cgacltti 19B Eras Ngxes.ll » stf lilUl Eigillti 

To thia point, various representative flov 
configurations for single Jet injection have been 
discussed in detail. In each subsection of this 
chapter, noraalized radial temperature and velocity 
profilea vere the basie of these discnssions. 
Thermal and velocity trajectories vere defined vhere 
possible. At this point, it is necessary to look at 
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•11 the profiles, and sake conclusion* concerning 
the general bahavior. In luaaarj, the following 
conclusions are evident fro* these profiles: 

1. Without Injection, tesperatsre profiles show a 
pattern factor within reasonable liaits set up bp 
operational coibustora. Generally, a low 
teaperature region exists along the outer wall of 
the coabustor due to heat transfer through the 
walls. Velocity profiles show a fairly uniform 
condition at the inlet to the turn section. As the 
inertially dominated flow attempts to negotiate the 
turn like an irrotstional one, particles at the 
inner wall must accelerate with respect to those at 
the outer wall. This gives rise to an increase in 
velocity at the inner wall with respect to the outer 
wall. In addtion, an area decrease through the turn 
section causes an increase in velocity. As the 
acceleration occurs along the inner wall, 
conservation of mass calls for a movement of fluid 
toward this region. Also, pressure increases as one 
moves from inner wall to outer wall in the turn 
section. 

2. The injection of cooling air at the inner wall 
before the bend, the outer wall before the bend, and 
the outer wall into the bend all cause significant 
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changes in temperature and velocity downstream of 
their respective injection locations. 

3. The (niter the momentum ratio, the deeper the 
penetration into the cross flow according to both 
temperature and velocity profiles. 

4. The greater the density ratio, the deeper the 
penetraton into the cross flov. 

5. Migration of the injection jet toward the inner 
wall occurs during injection from all locations. 
This indicates that the centrifugal effect of a 
heavier fluid naturally moving toward the outer wall 
of a turning channel is overcome by the pressure and 
migration effects discussed in (1). 

6. Both thermal and velocity trajectories allow one 
to make the same statements concerning jet movement 
in the cross flow, although they rarely coincide, 
for all aximuthal stations. 

7. Although still qualitatively consistent, 
velocity and temperature trajectoriee show a greater 
deviation from each other during injection from the 
inner wall. The velocity profiles typically show a 
deeper penetration and a slower return to the inner 
wall than the temperature trajectories. This is due 
to the recirculation zone that is set up downstream 
of the injection location. During injection from 


the inner vail the trajectory iotm back through the 
radial poiitom aaaoeiated with the wake region, 
bnt further dovnatreaa. 

8. Daring injection froa the inner vail, cooling 
and increased velocities are aore apparent along the 
inner rail even at the exit giving rise to the 
conclusion that a jet injected froa thia vail 
experiencea less aixing dne to its position. 

9. Velocity and teaperatnre profiles at azianthal 
stations nearest the exit for onter vail injection 
prior to the tnrn and in the tnrn are qnite siailar 
for siailar injection conditions. 

10. Lipshitz^ 1 ®^ developed a aodel to predict the 
centerline of an injected jet froa conservation 
equations and eapirical relations. Three velocity 
and three teaperatnre plots froa those discussed 
above have coaputed aodel trajectories aarked on 
thea for coaparison. Agreement is poor for all 
cases except velocity trajectory froa the inner 
vail. In thia case, though, too fev velocity 
trajectory locations are identifiable for a 
conclusive comparison. 

5.9. LiliXAl PliliA fr aUgni 


Also plotted for various azianthal locations in 
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the coabustor are lateral plots that sake via of the 
five-probe rake. Vith theae plots, one c a a view 
laterally across the coabostor at given radial and 
atiaatha 1 poaitions. In addition, one can view 
laterally all of the radial positiona at a given 
azlBothal station resulting in a three-d isem iona 1 
plot of cosbnstor conditions. Ten of these plots, 
each for one of the ten azianthal stations, gives a 
three diaensional plot of cosbnstor conditions for 
the entire torn section. 

Plots of this type were generated for various 
aziauthal positions downsteaa of injection to 
investigate jet spreading nehsvior. 

Upon ezaainlng the t h r e e-d iaen s i on a 1 plots for 
no injection (figures 33 through 36) plotted at 60* 
inc reaents froa the start of the turn section to the 
ezit, one observes that there is a n o n- un i f o r a i t y 
laterally across the rake width. Froa prior to the 
t irn continuing coapletely through the coabustor to 
the ezit one sees that this t h r e e -d i as n s i on a 1 i t y 
takss the saae fora: an increase in x when going 
froa -7.14 initial jet radii to 7.14 Initial jet 
radii across the coabustor centerline. Each plotted 
line represents a probe location. Probe one is at 
the far left and is -7.14 initial Jet radii froa the 
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coabustor ciotirl ini. Probe fire i» it the far 
right end 7.14 iaitlel jet radii froa the coabnitor 
centerline. Probea two. three, and foir fall 
logically between these two. 

Aa indicated in the radial walocity plots, 
coabnitor walocity is fairly iasensitiwe to single 
Jet injection aore than two or three axianthal 
stations (40* to 60*) downstresa of the injection 
point. Therefore, only theraal plots will be Died 
for invest igat ing lateral spreading. 

Vhen ezsaining the plots for low aoaentna 
injection froa the onter wall (fignres 37 through 
40), the aoit obwions change occurs in figure 37 
(first axiauthal station). Probes two and three 
show a significant teaperatura decrease, while the 
others reasin relatiwely unaffected. This results 
in a three-diaensional look to the plot, and 
indicates thst jet spreading is still quite liaited 
at this point. 

At 60*, the plot shows the flow returning to 
the condition seen in the no injection plot, where 
decrease in teaperature is detected in going froa 
probe one to fiwe. However, upon careful 
exisination, one can see a definite increase in 
teaperature when going froa probe four to fiwe. 


**> 
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giving e t i d me « that lateral spreading la not 
conplete, Tha plots for 1.20* end ISO* show that the 
teaperttsxa diatribntion has returned to ona alsilar 
to that for no injection, indicating that spreading 
across the rake width is conplete. 

The set of plots for enter wall injection at a 
high soaentts ratio (figures 41 through 44) shows 
sinilar behavior to the low eoaentua configuration. 
At the high aonentus ratio, though. lateral 
spreading seeas conplete at an axianthal ▼alne of 
60*. This is faster than the low noaentun 
configuration. 

Tkrtc-diaens loot 1 lateral plots for injection 
froa tha inner wall st a low noaentua ratio (figures 
45 through 48) and at a high acaentua ratio (figures 
49 through 52) show siailar behavior. In both of 
these cases, lateral spreading does not seen 
conplete at 60* . Bp 120*, however, profiles look 
no different than those for no injection, indicating 
that lateral sp reading hss surpassed the width of 
the rake. 

Finally. froa the plots above, individual 
radial positions can be identified and plotted. Two 
plots with low noaentua injection froa the outer 
wall and two with high aonentun injection froa the 
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inner well are presented (figures 53 through 56). 
In figures S3 and 54 one can see that the center 
probe temperature regains teaperature in mowing from 
0* to 100* azimuthslly. In this case, the outer 
probes do not detect a significant change in 
temperature. Figures 55 and 56 show similar plots 
for high momentum injection from the inner wall. In 
this case, the center probe teaperature also shows a 
rebounding toward the cross flow value. The 
outermost probes indicate a more significant 
decrease in temperature this time, giving evidence 
of wider spreading. 

5.10. Add i tional CgSfclPfionj. EX£» LlXtXii. El&li 

11. Lateral spreading rate increases with 
increasing momentum ratio. This is in agreement with 
the experiment by Kamotani and Greber^^. 

12. Lateral spreading rate is greater for outer 
wall injection than fov ner wall injection. This 
observation confirms conclusion eight above, 
indicating that mixing is greater at the outer wall 
region than the inner vail region. 

In the following chapter, multiple jet injecton 
will be considered. There, lateral plots will 
become important again in the determination of two- 
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diaensional behavior of a closely spaced row of jets 
and how this affects trajectory. 


CHAPTER VI 


MULTIPLE JET INJECTION DATA AND CONCLUSIONS 

All of the introductory inf orait ion that 
pertains to single jet injection snch as definitions 
for t and y as veil as numerical values for pattern 
factors apply here as well. Once again, as the flow 
irrotationally negotiates the turn section, 
acceleration of fluid particles along the inner vail 
with respect to the outer vail occurs. Froa isss 
conservation, a sigrat ion of fluid inward is 
evident. Additionally, an increase in pressure is 
experienced when going froa inner vail to outer 
vail to support the turning fluid. 

As was true for single jet injection, 
experiments were carried out at sosentus ratios froa 
about 3.7 to about 11.7. Density ratios ranged froa 
about 2.15 to about 2.75. Vith aultiple jets, 
though, two aore parameters becoae a part of the 
investigation: spacing ratio and confineaent ratio. 

Spacing ratio, Sr, defined above, varied froa 2.67 
to 9.21. Each injection configuration was tested in 
three spacing ratios: the smallest, followed by 

double that, followed by triple that. Values for 
spscing ratio differ froa outer vail to inner vail 
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since injection ports ere positioned on rays 
extending froa the coabnstor centerline. 

Confinement ratio, defined as: 


Confineaent Ratio ■ H 0 /b c 


is 16.77 for injection prior to the bend and 16.95 
for injection into the bend. 

D a £ a acquisition procedures, plotting 
procedures, and trajectory identification procedures 
are identical to those used in single jet injection. 

Upon exaaing the data and conclusions froa 
single jet injection, one can see the effects of 
changing aoaentna ratio and density ratio. 
Therfore, it is unnecessary to present data that 
displays the effects of changing these paraaeters. 
Instead, injection location and spacing ratio vill 
be the eariables here. On each plot, though, two 
trajectoriea are marked. One is that for the row of 
jets, and the other i a for the aingle jet for 
c oapar i aon . 


6 . 1 . 


Hixh M omentum 
This section 


lAllzrgilax 


contains inforaation on three 


different spacing ratios for this flow 
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configuration. First examining the normalized 
teiperatsre profile with the widest spacing ratio 
shown in figure 57 one discovers as spacing ratio of 
9.21. The profiles are inevitably similar to those 
of a single jet. The trajectory location (maximum x 
is at radial positions 55, 75, and 85 for azimnthal 
location one, two, and three respectively. 
Comparing these locations to those fonnd in single 
injection, one finds that the obvions difference is 
a shorter penetration, and a continued "lower" 
trajectory. Even though some suppression of 
trajectory is detected, a cooling region along the 
inner wall is evident even as far downstream as the 
exit. 

The velocity profiles for this configuration 
(figure 58) are also q u * t e similar to the high 
momentum single injection profiles. In this case, 
the velocity jump at azimuthal position one occurs 
at radial position 55. The maximum y occurs at 
radial position 65. Looking closely at azimuthal 
positions two and three, one can see that the radial 
positions closest to the inner wall actually show no 
change in velocity. However, at position two, 
radial location 75 is seen as having the greatest 
positive devistion from the no injection velocity. 
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At position three, ridiil location 75 is indicated 
as having the largest positive displacement from the 
no injection velocity. Although these positions do 
not stand ont as definite local maxisuns, they are 
likely trajectory locations by comparison to 
profiles with no injection. Further downstream, one 
can no longer identify with any certainty any 
trajectory location, hot a noticeable velocity 
increase along the inner wall is evident. From th> 
velocity trajectory estimates in the previous 
chapter. one can see an apparent "lour" 
penetration amonnting to at least one radial 
position. 

Remaining at high momentnm injection from the 
outer wall, the spacing ratio is decreased to 6.14 
by adding four jets for a total of 11. The question 
to ask now is how does this affect the flow within 
the combnstor. 

Looking at the temperature profile diagram 
shown in figure 59, a marked increase in x is 
detected abont midway between combnstor walls at 
aximnthal station one. At radial position 55, x 
peaks, giving the thermal trajectory location. 
Similarly, position 75 at azimuthal station two 
qnulifies as the second trajectory location. 
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Aziauthal position three becosei a little aore 
difficult to analyze since the aaziana local x 
actually occnrs at the endpoint (position 95). By 
coaparison with the no-injection configuration, it 
can bo seen that the trajectory really cannot be 
pinpointed. However, positions 75 through 95 
indicate the aost teaperatnre deviation. It is 
likely, then, that the trajectory falls soaewhere 
between these two radial positions. 

At aziauthal aeasuring station four, a peak is 
again detectable as a trajectory location at radial 


station 85. 

Marked cooling 

is 

detected 

own s t r e aa 

across the 

conbustor with 

the 

inner wal 

1 region 


affected the aost. In coaparison with single jet* 
teaperatnre profiles, this spacing ratio does not 
produce noticeably different results froa the larger 
Sr. The initial theraal trajectory location shows 
soae suppression. This aild suppression seeas to be 
carried downstreaa as well. 

The velocity profile (figure 60) at aziauthal 
station one displays the typical J nap in velocity at 
radial point 55. Position 65 is near the peak y and 
deviates the greatest froa the no injection 
configuration, giving indicaiton as the trajectory 


location. 
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At both aziauthal stations two and three, 
▼elocity trajectory locations are difficult to 
detect. However, upon careful examination, it 
appears that trajectories lie sosewhere between 
radial positions 63 and 93 due to increased velocity 
in this region. The initial trajectory location 
shows evidence of soae suppression by appearing one 
radial position lower than in the single jet case. 
Velocity trajectory locations downstreaa of the 
initial one cannot be identified clearly enough, so 
a statement concerning suppression in this region 
c annot be aad e . 

Cnee again, keeping with high aoaentua 
injection froa the outer wall, the nuaber of jets is 
increased to 21, producing a spacing ratio of 3.07. 
This is the saallest value for this parsaeter for 
Jets injected froa the outer wall before the bend. 
Exaaining the normalized profiles for this case 
(figures 61 and 62), trajectory suppression is 
iaaediately evident. 

The radial teaperature profiles show a peak x 
at radial position 23 for the first aziauthal 
station. The second aziauthal abscissa shows an 
obvious peak at radial position 43. Kadial position 


33 is the aaxiaua t for aziauthal station three. 
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These three trajectory locations aarked on figure 61 
show a significant snppreasion in coaparison with 
the single jet case. By the third aziauthal station 
in the single jet case, the trajectory was 
identified as existing along the inner wall. For 21 
Jets, though, the trajectory is located only at the 
aidpoint between the two walla. 

Upon exaaining the velocity profiles, one does 
not find such a draaatic change in trajectory 
location. At aziauthal position one, the velocity 
juap occurs at radial location 35. Velocities 55 
through 95 sppear fsirly unifora. In contrsst, with 
no injection, velocity increases in going froa 55 to 
95. The point with the largest deviation froa froa 
the no injection profile is position 65, identifying 
this as the location of the trajectory. 

At aziauthal baseline two, one observes the 
velocity juap at radial position 55. Points 65 
through 95 display an increase over the no injection 
case, with no particular y exhibiting a aaxiaua. It 
is concluded that the velocity trajectory aust fall 
soaewhere between radial points 65 and 95, with the 
exact location unidentifiable. 

Aziauthal station three ia siailar to two in 
behavior with the trajectory locaiton falling 



85 


between radial positions 75 and 95. As one sores 
downstream, an increase in velocity is observable at 
all radial locations. This behavior gives some 
evidence of suppression, but nowhere near the 
magnitude of suppression displayed in the thermal 
profiles. In addition, with this large number of 
injection Jets (21), the increased mass flux is 
indicated by the noticeably higher velocity as far 
downstream as the exit. 

6.2. liik Mfifiinlum Ini 5 _£iion~IJLn ex Illlrr P f i or S^nd 
Due to a probe problem, only pressures were 
obtainable from the rake for multiple jet injection 
from the inner wall. So that some statement could 
be made concerning the relative behavior of multiple 
jets from the inner wall, temperature data was taken 
from Lipshits^**]. This temperature data was then 
used to calculate a local density which, in turn, 
was nsed in the calculation of local velocity. Due 
to probe geometry differences between the previous 
temperature study and this study, it becomes evident 
that probe tip location for each case differs by two 
to three millimeters. It is estimated, that as a 
maximum, this could result in a local temperature 
error of 100'P near the injection point. This 
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results in an additional error in local velocity of 
about 5%. according to the procedure used in 
estimating error in Appendix 5. The error in y then 
increases to about 19%. However, this still results 
in a error band on the normalised velocity profiles 
slightly less than the width of one data point. 
Therefore, qualitative trends depicted by these 
profiles remain believable. 

Following the same procedure aa earlier, nsing 
a high momentum ratio (9.68) and the low density 
ratio (2.18), each of the three possible spacing 
ratios are investigated. The injection of seven 
jets results in a spacing ratio of 7.41, a 
relatively large value. Normalized temperature 
profiles seen in figure 63 show that at azimuthal 
position one, the maximum t occurs at radial 
position 75, indicating a shallow penetration. 

Azimuthal position two shows a maximum at the 
same radial position. Strikingly, from azimuthal 
abscissa three and continuing downstream, the 
maximum t occurs at position 95, against the inner 
wall. It appears as if the thermal jet trajectory, 
then, is directed along the inner wall aa well. In 
coroarison with the single Jet thermal trajectory 
for a similar momentum ratio, considerable 
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•oppression of trajectory is evident, even it this 
vide spec ing ret io . 

The velocity profiles* egein in this cese, do 
not shov snch a drssatic aoppreaaion (see figure 
64). The velocity Jump at aiiantha 1 baseline one 
occurs at radial position 63, with the aniaua 
deviation fro* the no injection velocity occurring 
at position 43. 

At iautha 1 station two ahova similar behavior 
with saxlDoa j occurring at radial position 33. 
Station three also has a trajectory location at 
position 53. Dovnstream of position four, increased 
velocities across the conbustor are detectable. 

In cosparing theae velocity profiles to 
temperature profilea for the aaa« set of flow 
conditions, one sees that they predict a much deeper 
penetration than their thermal counterparts. 
Hoviver, in comparing them to the velocity profilea 
for single jot injection, one sees that a suppressed 
behavior ia evident. 

Decreasing the spacing ratio to 4.94 by 
increaa ing the number of dilution jets to 11, one 
vou.ld expect further suppression in accordance vith 
what occurred during injection from the outer vail. 
Examining the first azimuthal station of the 
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teapentnr* profiles (figure 65). one observes s 
■aziana x at radial position 75. Position two shows 
the ■aziana x at radial position 85. identifying 
both of these positions as trajectory locations. 

Position three and those downstreaa show the 
■aziana x falling against the inner wall, showing a 
suppressive behavior in coaparison with the t'sgle 
jet. However, this theraal trajectory suppression 
is apparently no greater than the wider spacing 
ratio configuration. 

The velocity profiles shown in figure 66 depict 
trajectories appearing at radial position 55 for the 
first three aziauthal baselines. This, again, shows 
suppression in coaparison with the single jet, but 
no appreciable difference froa the 7.41 spacing 
ratio. Also, as above, the velocity trajectcriea 
indicate a deeper penetration into the crosa flow. 

By using 21 cooling jets, a spacing ratio of 
2.47 is achieved. Upon ezaaining the teaperature 
profilea in figure 67, one finda the aost striking 
change in profilea thus far. At all aziauthal 
baselines, without ezeeption, the aaziaua x occuia 
at radial poaiilon 95, indicating quite a 
significant suppression of theraal trajectory. 
Sing'e injection of the aai'i aoaentua ratio noraally 
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produce* • trajectory sonewhcre near the aldpoint of 
the coabsator. 

Examining the velocity profile* given in figure 
68 for this flow configuration, draaat ic aupprtaaivi 
behavior ia again detected. At the initial 
aziauthal atat ion, velocity ia aeon to peak at 
radial poaition 55. Axiauthal poaition two shows 
aaxiaua velocity occurring at position 65. Position 
three indicated radial location 75 while positons 
four and five both show radial position 85 as the 
location for aaxinusi y. As can be seen by the 
indicated trajectory for the single jet, these 
profiles, too, show sup session so great that 
velocity trajectory as well iovis very near the 
inner wall. 

6.3. Hj.gji laiAill&azzgaiAX fjLUzzI&la liu. 

Ag sin following similar procedures as above, 
the first configuration to be discussed is the one 
with the widest spacing ratio. Upon examining the 
tesperatnri profile diagras in figure 69, it is 
easily seen that injection occurs just upstreas of 
the third aziauthal station. A huge temperature 
decrease is detected at this station, with x peaking 


at radial position 35. 
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Azianthal stitionfour gives the peak x at 
radial position 75, indicating the trajectory is 
aoving toward the inner wall. Azianthal station 
four, then, depicts radial position 75 as its 
trajectory location as well, while station five 
indicates position 85. In coaparison with the 
single jet injection configuration, there is no 
perceivable difference in penetraion into the cross 
flow as is obvions during injection prior to the 
turn sect ion. 

The velocity profiles in figure 70 are just as 
difficult to interpret as those were for single jet 
injection. Although not clear, radial position 25 
is the likely location for the velocity trajectory 
at azianthal position three. Even less clear, 
azianthal positon four indicates a likely trajectory 
position as 75, the position with the aaiiaua 
deviation froa the no injection configuration. In 
agreeaent with the theraal trajectories, these do 
not indicste any suppressive behavior. 

Adding fonr jets to the earlier seven, one 
schieves an Sr ■ 6.00. At the injection locations 
prior to the bend, a decrease in spacing ratio 
generally led to a suppression of the jet trajectory 
in the cross flow. Upon ezaaining the noraalized 


C 
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teaperature profiles in figure 71, one sees the 
skewed teaperatnree at aiianthal station three. 
Incidentally, both teaperatnre and welocity appear 
unchanged vpitreaa of injection throughout the 
coorse of anltiple jet injection into the bend. 

Azianthal station three shows radial position 
35 serwing as the trajectory location by exhibiting 
the aaxiana t. Position fonr also shows qnite a 
skewed profile with its eaxieue t appearing at 
radial position 65. Both axianhtal positions five 
and six show trajectory locations at radial position 
75. Vith this trajectory, suppresive behavior is 
becoming evident. 

The velocity profiles (figure 72), as in the 
psst, show nowhere near the dramatic change seen in 
the teaperatnre profile. At azianthal station 
three, the aaxiana local y occurs at radial position 
25. The next azianthal station shows a clear 
trajectory location at radial position 75. 
Downstream of this location, it becoaes impossible 
to define a trajectory. Vith the trajectory located 
as it is, however, a slight snpression of 
app r ox iaa t e 1 y one radial position is observed. 
Although soae suppression is evident, migration of 
the jet toward the inner wall remains intact. 
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The final spicing ratio at this injection 
location is 3.00. It is achieved by injecting 21 
jets. In figure 73. one eees the first thermal 
trajectory location at axianthal station three is 
found at radial positon 23. Azimuthal station four 
shows the aaiisua T at radial position 45. 
Dovnstreaa of this location, a trajectory is no 
longer definable. Although cooling exists across 
the coabustor. one sees easily a narked increase in 
cooling at the outer wall. The trajectory pointed 
out by this set of data shows a definite suppression 
toward the outer wall. 

The velocity profile seen in figure 74 is 
similar to those observed above. Axinuthal station 
three shows the velocity trajectory at radial 
position 23. Eadisl position 65 is identified at 
azimuthal positon four as the trajectory location by 
exhibiting the maximum y. Downstream of this 
azimuthal station, the trajectory is no longer 
meaningful. However, with the trajectory shown, it 
is easy to conclude the some suppression toward the 
outer wall takes place. This suppression does not 
stop the migration toward the inner wall. 


6.4. Couc lei ions From 


ggflill PxoXili! 
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To this point, a representative group of tests 
examining the effects of spacing ratio have been 
closely examined. Each test was looked at 
individually. At this time, it is important to sake 
aoae general stateaenta concerning these tests: 

1. As was expected froa L ip sh i t z 1 1 8 ^ , trajectories 
deterained froa velocities generally show a greater 
penetration into the crosa floe than those 
deterained froa temperature. This seeas to be a 
result of the recirculation zone set up dovnstreaa 
of the injection location by the issuing dense jet. 

2. This deviation increases as spacing ratio 
decreases since the 1 o* pressure recirculation zone 
becoaes sore pronounced aa the jet becoaes 
increasingly tvo-diaensional. 

3. Injection froa the inner vail shovs penetration 
into the crosa flow, followed by a migration back 
toward the inner wall. Aa apacing ratio decreases, 
this penetration becoaes suppressed. At aiainua 
Spacing ratio, the aaxiaua x occurs at inner wall 
without exception. 

4. For injection froa the outer wall, one can 
identify aigrat ion toward the inner wall aa well. 
Again, as in the single jet configurations, this is 
attributed to the drifting and pressure gradient 
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effects overcoming the centrifugal effects. As Sr 
decreases, there is e noticeable suppression toward 
the outer wall, bnt migration toward the inner wall 
reaains evident. 

S. This suppression is attributed to two phenomena: 
As spacing ratio decreases, it becomes increasingly 
difficult for the cross flow to pass between 
individual jets. Instead of penetrating through the 
denser fluid, it passes over it, suppressing its 
trajectory. Also, as spacing ratio decreases, 
a significant low pressure recirculation zone sets 
up downstream, since according to experiment, the 
cross flow tends pass over the injected fluid. This 
low pressure causes the injected jet to collapse 
against the wall from which it was injected. In the 
case of the inner wall, this low pressure adds to an 
already low pressure region resulting in significant 
suppression. In the case of the outer wall, this 
low pressure fights a high pressure region, 
resulting in some suppression, but a continued 
migration toward the inner wall as the turn is 
negotiated. 

6.S. Latera l Pt&Iil&A 

To examine the notion of two -dimensionality 
downstream of the injection point, three-dimensional 
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lateral plot* were produced. Baking nae of the width 
of the rake. Aa in the single jet cue, since 
velocity two or aore aiiaotha 1 station* downstream 
of the injection point seen* somewhat nnaffected, 
these plots sake nae of teaperatore distribution* 
only . 

Injection froa the outer wall at the higher 
aoaentua ratio and wide spacing ratio is represented 
in figures 75 through 78. At the initial axinuthal 
station (O'), once observes the t hr e e -d iaen a i ona 1 i t y 
of teaperature at that point. Since the set of 
injection jets do not continuously span the 
coabostor width, cross flow has the ability to flow 
inbetween thea, thereby causing little or no 
suppression, as observed e zp e r iaen t a 1 ly . 

Ezaaining the lateral plots further downstreaa 
(60', 120', and 180'). a degree of three 

diaens Iona 1 lty reaains, even at the exit. This 
shows that the spacing is in fact wide enough to 
allow the cross flow to penetrate between thea. 

As one exaaines the tight spacing ratio (J * 
3.08) for high aoaentua injection froa th«* outer 
wall (figures 79 through 82), one observes 
iaaediately at 0* that the flow is nearly two- 
dimensional. By 60*, the flow is clearly two- 


96 


dimensional. The two figures showing downstream 
locations again show little or no change laterally 
from probe one to fiwe. 

From these lateral plots, the suppression of 
jet trajectory can again be attributed to the low 
pressure recirculation zone that forms downstream of 
the injection location. This region is more 
pronounced during injection with small spacing 
ratios because, as shown here, because the the row 
of jets causes the cross flow to pass over the top. 

lamotani and Greber^^ show a suppression in 
trajectory with decreasing spacing ratio until 
spacing ratio falls below about two or three. At 
this point, the issuing jet acts nearly like a slot 
jet and the trajectory shows less suppression. In 
this experiment, spacing ratio evidently cannot be 
decreased to the point where suppression begins to 


deteriorate. 


CHAPTER VII 


GENERAL CONCLUSIONS AND RECOMMENDATIONS 

This is ths second work using * reverse flow 
combustor thet investigates the perpendicular 
injection of a cooling jet into a hot croas flow 
that is accelerating both 1 o n g i t n d i n a 1 l y and 
transversely. 

This work shows that there is, in fact, good 
agreeaent between trends associsted with theraal and 
velocity trajectories. Both trajectories indicate a 
aigrat ion toward the inner wall independent of 
injection location, density ratio, aoaentna ratio, 
and spacing ratio. 

The seal-eapirical aodel developed by 
Lipshitx^ 18 ^ for a single jet shows siailar 
agreeaent as it did in his ezperiaent. It is in 
need of better entrainaent inforaation along with 
knowledge of the pressure field throughout the 
coabnstor. Considering the vortex structure that 
sets up during perpendicular injection, a aodel 
which uses this as its doainant effect ia under 
deve lopaent . 

With the ezperiaental data available froa this 
study, froa the previous teaperatnre study, and the 
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expected empirical information on entrainment, all 
of the neceiaary componenta are available to cirry 
ont a careful investigation to produce a semi- 
empirical model for a single jet aa veil aa a row of 
jets. 

From these experiments, then, it can be seen 
that inj ect ion frop the outer vail allovs cooling at 
the inner vail doe to the migration effect. This is 
practically useful since injection from the outer 
vail is more easily carried out. Since migration 
tovard the inner vail is evident. cooler 
temperatures and higher velocities can be developed 
there. If cooling of the outer vail is desired, the 
leakage of cooling air from the outer vail injection 
porta at 1 ov momentum ratios vill result in a cool 
region along that vail. 

Compact reverse flov combustors are a viable 
alternative, Flov conditions vithin them are 
predictable, and desirable modifications can be made 
through dilution Jet injection. 



CHAPTER IX 


DATA PLOTS 


The following pages contain all of the data 
plots described and referred to above. 
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Figure 21: t. Low J, Outer Wall Prior to Bend. 





Figure 23: t. High J, Outer Wall Prior to Bend. 




Figure 24: y, High J, Outer Wall Prior to Bend. 




Figure 25: t. Low J, Inner Wall 






Figure 26: y, Low J, Inner Wall. 




Figure 27: t. High J, Inner Wall 
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Figure 29: t. Low J, Outer Wall Into Bend. 
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Figure 30: y, Low J, Outer Wall Into Bend. 



Figure 31: t. High J, Outer Wall Into Bend. 




Figure 32: y» High J., Outer Wall into Bend. 
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Figure 33: t. No Injection, 
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Figure 34: t, No Injection, 60 
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Figure 36: t, No Injection, 180 1 
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Figure 40: t. Low J, Outer Wall Prior to Bend, 180 
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Figure 41: t. High J, Outer Wall Prior to Bend 
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Figure 42: t, High J, Outer Wall Prior to Bend, 60 1 
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Figure 43: t, High J, Outer Wall Prior to Bend, 120 
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Figure 44: t, High J, Outer Wall Prior to Bend, 180 
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Low J, Inner Wall 
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Figure 46: t, Low J, Inner Wall, 60* 
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Figure 47: t. Low J, Inner Wall, 120' 
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Figure 49: t. High J, Inner Wall, 
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Figure 51: t. High J, Inner Wall, 120 
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Figure 52: t, High J, Inner Wall, 180 1 
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Initial Jet Diaweters 

Figure 55: t, High J, Inner Wall, 0°, lateral sp: 





Figure 57: t. High J, Outer Wall Prior to Bend, 7 jets. 











Figure 60: y, Higr. J, Outer Wall Prior to Bend, 11 jets. 
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Figure 61: x, High J, Outer Wall Prior to Bend, 21 jets. 




figure 62: y. High J, Outer Wall Prior to Bend, 21 jets. 



Figure 63: t. High J, Inner Wall, 7 jets 





Figure 64: y, High J, Inner Wall, 7 jets. 




Figure 65: 




Figure 66: y. High J, Inner Wall, 11 jets. 



Figure 67: x, High J f Inner Wall, 21 jets. 




Figure 68: y , High J, Inner Wall, 21 jets. 




Figure 69: t. High J, Outer Wall Into Bend, 7 jets. 
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Figure 71: t. High J, Outer Wall Into Bend, 11 jets. 




Figure 72: y. High J, Outer Wall Into Bend, 11 Jets. 
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Figure 74: y. High J, Outer Wall Into Bend, 21 Jets. 
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Figure 76: t. High J, Outer Wall Prior to Bend, 7 Jets, 60 
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Figure 77: t. High J, Outer Wall Prior to Bend, 7 Jets, 120 ( 




INNER HALL 


157 



• y ■>. 


Figure 78: t, High J, Outer Wall Prior to Bend, 7 Jets, 180 
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Figure 79: t. High J, Outer Wall Prior to Bend, 21 Jets, 
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Figure 80: t, High J, Outer Wall Prior to Bend, 21 Jets, 60 
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Figure 81: t, High J, Outer Wall Prior to Bend, 21 Jets, 120 1 
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Figure 82: t, High J, Outer Wall Prior to Bend, 21 Jets, 180 
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APPENDIX 1 


PARAMETER CALCULATIONS 


1. Velocity Is calculated from the Bernoulli equation 


where AP 
elty of oncoming flow. 


v - [*? r* 

pitot-static press' re difference p s den- 


2. Momentum ratio calculated as 


, _ p let ^jet 
PV 2 


where p.V are cross flow conditions. 
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3. Density ratio Is calculated 



Other parameter calculations are straightforward, and need no addi- 
tional explanation. 
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APPENDIX 2 


SPECIFICATION SHEETS 



Properties and Characteristics 


MACH NUMIIR HANOI 

Ths lower ueabi* limit tor Pilot-Static Probe* depend* on 
Via sensitivity el in# readout dvr tea uaad with tha proba 
A differential pressure el 1* •• watai. lor eiampie la about 
tha minimum that can be measured with 1% accuracy with 
ordinary tlant gauges. ao tha lower limit la epproitmatety 
at a Macn Number olONeia velocity oi TO ft' sac lor air 
at standard atmeipnartc eendltiena. Thera la no minimum 
Macn Number lor the lube Itaall The upper limit la at 
about Mach O H lor tha lotal praam ura readinp and 0 TO lor 
tha atatic at ehoum m Figure t Tha italic readinp la ac- 
cwrata to 0 9% to a Mach Number ol 0 90 and to 1 9% up 
M Macn 0 TO At thlt point tha calibration bocomoe erratic 
due to the formation ol local ahocti eaves on and around 
the up el the probe end the reeding can very at much aa 
10% aim (llpht chanpea In Hoar condlllena or pronmity 
lo eoiid bounda'ioa Above Mach t 0 bom the total and 
ataiic readinp* vary considerably from true at roam miuet 
but they can be corrected theoretically 


RSYNOLDS NUMblR HANOI 

Pilot-Static probaa art net directly effected by Mtynoidi 
Number aioapt at mry toe velocities Therefore, m liquids 
where Mach Number effects era abaeni. theft eeflbretion is 
aubetanllally eonetani at all velocltiea 


The minimum NeynoMs Number lor the total preeeure 
ataaourement la about 30 where tha characteristic length 
M the diameter ol tha Impact hole below mis value the 
Mdteatad impact pressure becomes hip her than the 
at ream impact pram sura due to vtacoaity effects Thlt error 
M only noticeoble in ok under atondard atmoepnarlc con- 
ditions for velocities under 13 ft /aec with Impact holes 
0.01 O' diameter or Met 


TAW AN0 PITCH AMOK HANOI 


TVHPULKNCI KHRORb 


M tha fluid stream la not parallel lo tha probe head amors 
occur In bom total and eteiic readings Thee# sra the most 
Important oners In mi# type ol instrument because they 
aennoi pa corrected without taking Independent readings 
"with another type ol probe 



Figure 2 shows me snore In total and alette pressure, ve- 
locity and weight I low m ranous yaw and pilch anpies 

Note that yaw and pitch angle affect tha leadings aeactiy 
the eeme The errors m total and atatic preeeure tnc r ooea 
pulls rapidly lo» angles el attack higher than 9*. but they 
land te compensate each other eo the probe yield* mioci- 
ty and weight I low readings accurals to 1% up to angiot 
pi attack el 30* This la the oh let advantage of the Ptendtl 
eeeign ever other type* 


NOUN BANT IFFICTb 

Tha static pressure Indication le sensitive to distance (torn 
ootid boundaries Figure 3 s hews how this orvor In c reases 
the indicated velocity pressure at s Mach Number el 0 IS 
Tha probe Shi boundary term ■ Venturi passage which ac- 
aomeise the Haw and de c lasses tha static pleasure on 
ana sms The curve shows that static readings should not 
be taken ctoeer than 9 tubs diameters from a boundary lor 
1% accuracy Mid 10 lube dfamotors Is safer 


v r r r»;;;^/ y yF/r;>y>;»;y»j)iwy y7 T y 


Pitot- Static lubes appear to be Insensitive to isotropic 
turbulence which I* the moat common type Under soma 
pond I lions of high tnlonslty, largo seal* turbulence which 
mdk* tha angle ol attack at a probe rary ever a wide rang*. 
Me probe would presumably have an error oorreepondmg 
to the average yew or phch angle eaueed by the 
hwtuienee 


TMI CONSTANT 

The speed ol reading depends on the length and diameter 
pi the pressure passages inside the probe, the sin ol the 
pressure lubes to tha manometer, and the displacement 
solum* ol the manometer The Hma constant is very short 
•or any of the standard tubes down to t ll~ diameter . H in- 
creeses rapidly lor smeller diameters, however For this 
reason ins O 0 M the smallest recommended sue lor 
erd Inary use - this wMl taka 19 lo 90 second s to teach 
eeuHlbrtum pressure with ordinary manometer hoek-wpa 
Thee* tubes have Seen mads as ymaii as 1/32" 0 0 . but 
their lima constant Is as long as 19 minutes and they 
Cheka up vary easily with tins din In ihs air stream H vary 
small tubas ate resulted It Is preferable lo use separata 
total and static tubs* rather than the combined lotet-etafic 
type Where reinforcing atoms are epacHlad on small 
sue*, tha inner tubas are enlarged M Pve same pofni to 
awe uts minimum tone eon et ani 


Probes am mat ailed m the fluid stream with the impart 
hoM lacing upstream . the heed parallel la tha Hew d trac- 
tion and the stem perpendicular Types FA and Pt (Fig 4) 
are sell Butted te mown! Inf on mm- walled ducts where 
me probe is to be inserted Hem the outside Typos PC and 
PO(Flg. 9)ma dssMwad with mmo w bll pressure lahmofls 
lor moMHatlan Ham within the duct, m thic k w i led ducts 
whore H M fiat practical la mMu an moor t lan hols el dUm- 
osar sou ml la the length of the probe Up Figure 9 (Haws 
Malting lengths and dia m eters Mr malarial ion 
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' "^etra Systems, Inc. 

HIGH OUTPUT 
PRESSURE TRANSDUCERS 


LOW RANGE 

PRESSURE TRANSDUCER ^ 

Dtherentia' Nw u'W 0- to 01 paid to 0- 100 paid 
(Relerence pressure dry non-corroeive gaeae) 
Abeciirt* h r assures 0 - 1 pale 0 ■ B pan 


Features 


■ Inatanl warm-up MZz V V 

• High output 5 volt* g! 

or»2 5vohs t 

C 03 \ Repeatability ■ r“ "V 

• 0 1% Hysteresis — 

■ 0 1% Non-Nneerity r A 

• OOUki'F Thermal sheets 
a 0 0 ?\ Oulput r>»«» 

• Fast response taai man i millisecond 

• Withstand high overpreeeura 

• Many options including remote control 


Description 


The Modal 239 n • complete praaaura tranaducar system 
to' accu'iia measurement ot low praaau'at Tna uniqua 
Satra aiacl'onic circuitry Is comtxnad with a rugged 
capacuanca-typa aanaoi In tors transducer Tha high 
output uaually raquwa no turthar a^nai conditioning 

Tha praaaura madia may be compatibP liquid ex gaa 
Tha raiaranca praaaura madia muai ba clean dry air or 
non-condenaawe gas (Tha raiaranca chamber lor 
abaoiuta praaaura umta a weid-eeaied at high vacuum) 

Tha high lava' output aignal eiceiiant stability 
combined with tail a namic raaponae make thn 
tranaducar wan auiiao > 0 ' many industrial laboratory 
and aaroapaca applicaliona requiring the highcji 
accuracy Thia unu d'ltara from Model 23BE in tha' tha 
Modal 239 a care'uliy companaatad to mmimua both 
taro and aanaitinty shifts due to envtronmantal 
lamparatura vanationa 


Full Scale Ranges 


• « Loss P#lTentta< PrwM w* {mk d) 

? . ; Untorreclionw ~ . ' '* . e-rtovclJOnkr J 

r " i.'. \ OMaet H'eX. j ota tc ot hilf 

g i OtoAJ «. 0 te iO 1 •*' if” 

*• -V- - o i# » Vi :«• - o to t*4 - 2d 

V-., at of**** 

Higiar DWtow a iW a it i a (paid) 


at Na gag • cion. 


Applications 


e For highetl accuracy obtaining vary mgfh linearity 
tow hysteresis (art dynamic raaponae vary email 
temperature • Meets inaanaitivlty to motion and 
vibration and high atabmiy 

• For high accuracy applicaliona where low power 
consumption inatanl warm-up and email sue are 
needed 

• For accurate tow abaoiuta praaaura (vacuum-welded 
raiaranca chamber) end l o» tow dll *ri itiai pressure 
maaauramanta whan tha rataranoa p*«aajra a clean 
dry air a> gas 

• Standard unite to* moat apr'rcenona connect directly 
Into moat A/D convartara Can ba attenuated to match 
tow level indicators scanners and loggers 

• Many optiona leted on back page lor apecial 
Inal rumen i at. on needs Including remote control 

• Replacing low output etrain gag* type transducers 
and anocuted aignal conditioning getting higher 
accuracy at much tower coat 


Construction 


Satra a paten led t vanabia capacitance sensors approach 
tha ultimata In daaign simplicity A eternises alaai 
diaphragm and an Ineulated toad rod* form a variable 
capacitance Aa the preaaum tocreaaee tha capacitance 
changes This capacitance la oataded and con van ad to a 
bnaar d c elect nc aignal by Jatra a unique atactror.ic 
circuit 

Law Pressure and AbaotuM Pressure 

Low range praaaura aanaors have a thin etreiched 
•tamiaat Heal diaphragm positioned ctoaa to tha 
aiadroda Positive praaaura moves tha diaphragm toward 
Via aiadroda Increasing tha Capa cl lane* High positive 
drarpraaaurt pusha* tna diaphragm sgamat the toacuod* 
thereby providing high positive over praaaura protection 


Higher praaaura range tensors have an insulated 
ele c trode taa t anad to tha denser ot the diaphragm, 
terming a reriaoie capacitance Aa tha praaaura 










<H7) 30-1400 


Sstra 
„ sterns 
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v j„ 



P'WIU't Rang** 

Unidi'*Clion*i 
Bidirectional ditl*r*nt.ei 
Atoolut* preaiur* 
Poailiv* prmaur* media 


R*l*r*nc* prwfu't media 
DiM*'*nti*i prniu'i 
Abeolut* pr***ur* 
Pre*»ur* fitting* 
Excitation Poo*' 


Model 239 Specifications 

0 to 0 07 0 2 1 5 10 20 100 prd 
0 lo 20 01 0 1 0 5. 2 5 5 10 SO paid 
0 to 1 5 p»i» 

Qain or liquid* compeliWt with namleti a inl hard anoduad 00(1 
aluminum Bun* H "0 ring (Stemlee* *t**i in place ot aluminum 
on apeciai ordar) 


Cl*an dry an or otn«i ga* (Non-corroatv* non-conO*n*abla' 
Vacuum **ai*d no r*f*r*nce praaaur* needed 
1/0 • 27 NPT In'arnal 

Nominal ?* VDC 0 milliamp*r** (0 25 •atltl 2? to 30 VDC 
R*v*ra#d ((Citation P' 0 lacl*d Inltmal regulation minimum alt*ct 
ol aicitalion variation with <20 07% FS output cheng* Wilioperat* 
on 28 VDC aircraft power p*r MIL-STD-70AA and not b* damaged 
by *m*rg«ncy pow*' condition* 

InU'nally ad|uit*m* lo (Vnv Factory **t within ♦20mv 
<10 ohm* 

<20 is lull rang* output (b**l »tr*ighl l«n* method) 

Op*rabl*0’F lo * 75* P 

« 2 '%FR 100*F|»i2S lor 0 02 and 10 01 paid) 

< 21 %FR 100*F(<l2S lor 0 02 and 10 01 paid) 

1 « 10 • cu in 
2D0C Hi nominal 

<200 microvolt* FiMS (In band 0 Hi lo 10K Hi) 

<21% total <20 2% r*a>duai ahift afl*r 5 minute* 

2 toot mullicunducto' cabl* 

8 ounce* 

Pr***u»« Pang* ot Transducer O par abl* Lin* Praaaur* 

0 01 and 0-0 02 paid N*»I Ambient 

to 1 0-0 2 P*id and nigh** Vacuum lo 250 ptig 

Prool Praaau'a Acceleration Raapona* Hy*t*r**n Full Rang* Output 


Z*’o praaaur* output 
Oulpul impedanc* 

Non-linearity 
T7»rmai *«*cii 
Z*rc *n,»i (30*F lo 150*F| 
Senaitivity abifl |30*F to 150*F) 
Vo<um* lncr*aae du* to F R praaaur* 
Natural t'*Ou*ncy 
Output noiar 
Warm-up *nitt (typical) 

ENctncai Connection 
Weight 

Maiimum Working Praaaur* 




Ou®u' * 

■■PC 


Low *'•»*</♦• 

OiorCO’ 0 1 05 155 tme 

r 

tat" » 

< 0007 

o 1 % • 

Oto 17 5 

0 to 0 07 0 7 1 1 tCcfO 

»itn r 

U'Kr 

o ooc: 

* 1 % • 

0 lo 5 

Hagp«- 

0 lc ! ’0 5 C p§<a 

h»« 

h»" 

•coe 

^ t% 

0 lo «_2 5 

0 to K <Kpid 

h»" 

MB 

<C 05 

< 1 % 

Diet 

* mot a* • P'Maun 

0 to * 5 p* a 

*),r« 


O CJ 0 CT 

< 1 % 

0 to 4 


Proo* * r m 9 a >9 * *m maa.Nkuem CPMJtf CM Ip Ci 8 fl f p«noiiR«no 8 •TrOnd 

90mc-''C*<r i<C 5% i«ro *A.’ti 

0 i 9 o> rO ’ 0-0 7 o+c mr< ****+• ao •© tooo»** pnw* pawt** r«*.n or* wa arm 

laa^aa nv» |OC 6 

fl) » at ’ 0-0 7 o%< am* **q/*m- 'trgm * nagatva ra»d«t oim*a mo pro— rtm r > aiaon or m 
( 4 * Mr* fc* ntg-aty MX 8 i lac lo 07 % k>» fWf 0 to 10 ps >0 0 10 15 pMti 

1 1< *OOC BRPta pt fMI» H« 4II in 


r .at 

» 19 on* « 

Electronic Circuit Information 

fou'-lG'mlnai aqutvatont ctrcurt pitnar npaafrve •xcittlion o < 
negative output abou»d b# connected tc cjm Unit calibrated at tn# 
factory wrth negative a* c» tel ton oonngcipd to cpm 
O pt'ona 

• caHpraltOr ftignal BpUC*y pmxjtrt i:9i Of 

• laro p>aiu'l 

• aenonnrttv eOn/ti"*#™ 

• t 2« VDC o» ?15 VDC 9 round rymrmn cw cj acMion {AMow% ground 

knead output) 

• 15 VDC 12 VDC 10 VDC •icrteiKK' cxrtpi* *on*g#i 

• No*- •i»ndard output *** <mA»imur* (MOV) 

• Co^xpanaaiad la^paretura range »o •TBCr ft ypacaf tamper arv/r« 
artecu 2i • •'xta'd 

(Cam i Dkr 1 Group* C and 0) 


Outline Drawing 


Ordering Information 

Otd*r a* Mode 239 praaaur* tr*naduc*r 
M noting ditt**** 

I aNctrica' output *nd deaired option* 


Specity p'aaaur* rang* noting ditt*<*nliai pr*«sur* or *b*o- 
tui*pi***u * deair*d *k 


«6 Magog Nrt, Acton. MeeaeoNjem* CT7X / 
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APPENDIX 3 

OPERATING PROCEDURES 

1. START UP A SHUT DOWN 

START-UP AND SHUT-DOWN INSTRUCTIONS 
for the 

REVERSE FLOW COMBUSTOR 
Revised July. 1982 

START-UP 

1. Verify the operation of the hanging electrical outlets. 

2 Plug power supply. Ignition systen, and temperature Indicator 
into the outlets. 

3 Move blower main electrical switch to the *on* position. 

4. Check to see that the 'primary cooling air* valve is closed 

5 Open 'dilution jet air* valve to 1 cm differential to prevent the 

flow of hot air into the blower. 

6. Check to see that the main and small natural gas valves are 
closed. 

7. Set automatic gas shut-off system to *off* position. 

8 Set 3-way natural gas valve to ‘upstream to main valve* posi- 

tion (pointer to the left) . 


► 
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9. Set temperature Indicator to monitor central probe of the rake 

10. Supply power to the pressure transducers for delta pressure ac- 
quisition. 

11. Stan blower by depressing the *on* button located on the re- 
mote control unit 

12. Supply combustion air at 0 018 kg/sec (40 mm H^O). 

13. Check to see that the exhaust system Is open and the electors 
are operational 

14. Set the automatic gas shut-off system to the ‘manual* mode of 
operation 

15 Open the small natural gas valve (allowing flow to the central 
burner only) and supply gas to the Ignitor at 20 CFH (as Indi- 
cated on the small flow meter) . 

16 Activate the Ignition system by depressing the right switch and 
then the left switch 

17. listen for the sound of igniting natural gas: verify the ignition 
by monitoring the central probe temperature 

16 Increase the flow rate through the small natural gas valve to 25 
CFH 


19. Open large natural gas valve, supplying gas to all burners at 
0 001 kg/sec (18 mm H^0) . 

20 Listen for the sound of Ignition at the remaining burners 


21. Immediately supply primary cooling air at a r *te of at lea$* 
0 065 kg/aec (55 mm H^0) . 


- *""> * V 
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22. Switch the 3-way natural gas valve to the 'gas manifold* posi- 
tion (pointer to the right). 

23. Close small natural gas valve. 

24 Take out Ignition system plug from the hanging electrical outlet 

25. The combustor Is now In the 'operational* mode Keep flow 
rates within the 'operational zone* while adjusting them to pro- 
duce different temperatures 

Do not exceod exhaust temperature of 1292'F (700*0. 

Do not exceed bend wall temperatures of 932*F (500*0. 

Do not force the scanning mechanism. If It becomes Immov- 
able due to thermal werpage. allow It to cool, thereby relieving 
the stress. 

Do not over-tlghten dilution jet plugs. Close only slightly more 
than hand tight. 

26 Set automatic gas shut-off system io the 'automatic* position 
SHUT-DOWN 

1. Close natural gas main valve. 

2. Allow blower to continue running until the wall temperature has 

dropped to 140*F (00* C) . 

3. Shut down the blower by depressing the 'off button on the re- 

mote control unit. Close all air valves. 

4. Move automatic gas shut-off system to " off position. 

5. Move blower main electrical switch of * off position. 
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B. OPERATING PROCEDURE 

if using a multiple probe, call program sectry 2 bas 

Before beginning if pressure transducers are to be used, call 
trantes bas. Upon running it will ask lor a channel number. 

Channel numbers zero through four correspond to transducers one 
through five The act of typing a channel number and returning 

causes 25 pressure measurements to be taken, and the average to 
be calculated. The last number in the column is the average 
Write it down and save It for each transducer. 

Load your choice of program for multiple or single probes it 
will first ask what the zero values for the transducers are It will 
then ask for a jet raw location Number one is the location furthest 
Into the turn, number two is the second run In the turn, number 
three is prior to the turn outer wall, and number four is prior to the 
turn inner wall. 

The next question asked Is how many operating dilution jets 
exist. Answer with the appropriate number. Following this. answe r 
how many non-working jets exist between each set of two operating 
jets. The next question asks which azimuthal increment is desired 
Answer with 1 for 10 degrees. 20 degrees, etc The follow- 

ing two questions ask you to name an Introductory file name and a 
data file name Do so 

Following that, manometers must be read for the various flow 
rates. The program will then ask you to enter values and pres- 
sures The units are usually mm water differential and are men- 
tioned in each question. Required entries are: combustor pres- 
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sure, combustor air flow rate, natural gas flow rate, dilution let flow 
rate, and barometric pressure. 

Following pressure Input, one must key In cooling jet tem- 
perature. cross flow temperature. and six wall temperatures 
(numbers five through ten) In degrees F. 

Tne computer will give you back all of the Input parameters In 
SI units, and ask you for your first temperature. Locate the probe 

where It asks (should be radial position 95. and zero azimuthal de- 

grees). press button 11 on the Doric trendicator and press F5 on 
the keyboard On the Doric, keying F5 on the computer after 
each. After 15. the pressures are ail automatically acquisltloned. 
their values printed along with the calculated local velocities. The 

computer will then tell you where to locate the probe Do so. Re- 

peat the above procedure 

To plot out data radially, choose iasplmpt. bas for temperature 

and laspimpv bas for velocity. The prooram will ask for Introductory 

and data file names. Supply them and the plot will be made. 

C. Thermocouple Locations 

THERMOCOUPLES 

1. Right Burner 
2 Middle Burner 
3. Left Burner 


4. Straight Inner Wall 
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5. 

inner Wall at Middle 

Bend 

6. 

Outer Wall At Exit 


7. 

Outer Wall at Middle 

Bend 

8 

Straight Outer Wall 


9 

Side Wall at Middle 

Bend 

10. 

Side Wall at Exit 


11. 

Rake 


12. 

Rake 


13. 

Rake 


14. 

Rake 


15. 

Rake 


16 

Jet Injection Port 


17. 

Exhaust Port 


18 

Single Probe 
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APPENDIX 4 

COMBUSTOR SOFTWARE 
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ORIGINAL PAQE IS 
OF POOR QUALITY 


1. SECTRY2. BAS— Data Acquisition 


lu Din 

3: Dir 2E*3:3. 

6.' IMlul ' S*rc (Oi “I ZEFCiCJ 
7v IMFJT "s*rc(l"l ZEFCdi 
Gv InFlT ZEFCiC. 

90 1N*L.T "s*rc.i:i"l ZEFO;:.) 

1 >;• IN*uT "s*-c '4) “l ZEFi,>4; 

Din 1 (4.4. IE i 
ITv cm F >4.4. IS 
14v cm V<4,4. 16 

!£•: T iu. 1.0' ■ ICvlT 11. 1.0»«10v:T 12. I.O>alOO:T (3. l.CMalOOH 14. I.OIalOO 
1S1 T « 1 .4,0* • 101' 

1 SI T (3.9.0 1 a lOw' 

is: Tir.s.o) • loo 

1 *4 T 14.4.0) - 10.' 

le.' f > .. i.C"»i::4.s:f (i. i.0)»i::-4.s:f c. i. c>i -1234. a : f (3. i.o> air:4.t:F u. ».c »i: 
4.S 

l To V(0. l.O.'-l 1. 1 11V41 . 1.0) ■! 1. lllVil. 1.0) *11. 11:V(3. I.4HII. 11: V»4. I.g.'in. 11 
36 * • 0 

45 IMF lT "14 (Pilicitu. a*!. At It tha „iAt row locatior.il to 4|"|JL 
4SS 1N*UT "l.uttn 01 ocfl'. 1 r.g dilutior j*t*"l NDC 

4*. IM»„* "Nuir.LA. 04 .itf-t t«t »A»-r. ooaratir.g j*tt(ut* >1 For ting)* j»t and no >. 

u u: 

47o IF Jl ■ 1 TIE. SF| ■ :• Else if Jl a : THEM SF l ■ 3. OS ELSE 

IF Jl • : THEM SM • 3.0? ELSE if jl ■ 4 THEM SKi a 1. 4~ 

47S FLn Fo~ on* ttartt at hi gn*tt out*- Mali location Mith ro«i tao ana thr*# 

pr ogr*t«i *» 1 r at 1 w*' petition* or. th* outtio* vail. Fo~ tout induce, 
dilut.c. j*tf o t'.a inn*i Mall. 

4£ 1 /.'■ ‘L.a thal : m r *(■■*.. t oo vc- mi*).: l, l.S. 3. 3. o l'T Ai 

43. ;i Ml ■ THE : F - 1 .1 • 1 lLE&^. JMCF.Er.El.' ; GlTJ 46 

At' F • II. "Fatal! tl.at 1 * 1- day.. 1.1 » IS dag., *tl." 

45 Ft: Fa. a. 1 that :• c c*.j'*#t *s;*.ut'.*l potition r*tar* to p'Oba ceiltur. 

Full. in corbu.ttor. Alto. racial pen ti c 45 r*t». t to proLa 0-fJtlw- 
at Itk Full. * t»nd*3 poll 1 1 on at th* Gut*r Mall. 

4* INruT "Ml. at Fila r.ar.a a-.C nuaL*r tor intro. ir.F or aat I or. " I Fit 

44* IMF jt "What til* n»m* ar. d numoar For data"! FDt 

44? DFEM Fll FOF OUTFjT AS *1 
445 OF EM FDt FOF OJTF U? AS *3 

5v. IMFJT "Combuttor Frtttjrt (gag*) n nm. ot Matar-FF't FF 

STv 1M*JT "Con.buttior. Air Flow Fat* in ain Mat*' di FF*r#ntial -acr "| rlCF 

530 IN* til 'Cooling Air FIom Fat* III aua M*t*r dl 44*r*ntial -nt F" I m F 

54 r IMF JT 'Natural Cat FIom Fat* in aw. mat *r di ***r*nt i al -MGF ' I ri&c 

555 IF NJ I -1 THEN INFUT ‘Multipl* dilution j*t FIom rat* ir. an. aaltr diFFt-cr 

tial-atjr'l HSJF 

Sal- IF NJ a -1 THEM 1NF JT 'Single J*t FIom Fat* ir. S. C. F. H. -a . } r “I H5.F 

ST'. INFUT ‘karoaatric Fr***ur* in inch** ot Mg-iFF'l BFF 

S': 1NFJT 'Coding J*t T*mp*r*tur* in d*gro*t F*r*nh#it-TJF"I TJK 

s ?4 INFlT "Croat FIom T*ap*ratur* in d*gr**t F*r*nh*it-TF"I TF 

56. INFuT 'Hall Temper atur* in d*gr**t Far*nhai t-TS'l TSF 

540 INFU' 'Hall Tamparatura in d*gr**t Faranhai t-T6"l To* 

*C».’ 1M C U' 'Hall T*ap*ratur* in d*gr**t Far*nh*i t-T?" I T?F 
• lv INCUT "Hall Taap*ratur» In d*gr**t Far*nh*i t-T6"« TB* 

*:.> 1MFU1 'Hall T*ap*ratur* in d*gr**t Far*nn*i t-T4'l T4F 
*3v IN* JT 'Hall Taapa-atur* in d*gr**t Far*nn*i t-TIO'i T 1 OF. 

? j-\ FF1MT "FAFAMETEF VALUES GIVEN BELOW IN DES1FED UNITS AFE DES1G n?El E < Ft'Jb- 
1 F 1 EL' VAF1ABLE NAMES AS FOLLOWS: FF &EC0MES. F. TF. BEC0ML5 T. ETC." 

? 1 '.' n: a , 003* I SOF l fICF . ) : FAINT -ac a " MC * l g / t*C " 

?3. ni « .0044a IBOF iHI Fj ) : FFINT '■» a * Hi “ lg/**c" 

??•. no ■ .0003* (SCF mGF I ) : FHINT -ag • •• nG " Lg **:“ 

*3: IF NJ -1 THEM nsj • « . 00130B > * (SOF (HE.’F ) > /NCJ : FF INT "mu * ’ f 5. "16 a . 
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ORIGINAL PAGC 
OF POOR QUALITY 


777 IF NJ » -| THEN fiSJ* MSJR'»S.23007E-04: PRINT ■ * MBJ " Lg'*ec" 

T* REN L 1 ntl 710 tr 730 9r* uri<ic» »»t*r calibration *Qu4tlon». Th*»a ana 
C'.f t r ijai’.icrit ir, thli ••CtlOfi con»«i t to dpeirad unit*. 

•4 n » r.;- « m> ♦ hc: frint “* ■ " m " Kg/aac" 

73'.' EF • rT~;»EFF: FRINT "bp » " BP * pascale" 

7* ■ F m B‘ * 9.7fe*99.FR: PRINT "p » " F " paatalt" 

?«7 T • 273.13 ♦ (5/9) • (TR - 3:>: PRINT "t • " T " dtgr»*t I pi .in" 

?a~ TJ » 273.13 ♦ (5/9 > a (TJR - 32 > : PRINT "tj ■ " TJ • dagraaa F.alvin" 

7 To T3 » 2?:. 11 ♦ (1/9) • IT3R - 32) : PRINT "tl ■ “ T1 " dtgr*»> t.al .in" 

78'/ Ta » 277.11 « (3/9 ) * (T*R - 32): PRINT "tb ■ " Ta " dtgrtu l.ll.in " 

79': T ■ 273.13 * (3. 9) • (T7R - 32): PRINT "t7 • " T7 “ dig'UI F*l..n' 

fc.. TE • 273.13 « (3'9<*(TBR - 32): FAINT "tB • “ TB “ d*gr**« Rpl.in" 

BIO 79 ■ 272.15 • (3. '9 i • (T9R - 32): PRINT "t9 ■ “ T9 " d*gr*** ).») »i/," 

82 Tie* 272.15 ♦ (3/9 i a <T 1 OR - 32): PRINT "tlO* " TIO " dagraaa Kelvin" 

B70 RC * F/(25~*T>: PRINT "ro • " RCi " Ig/cubic mat.tr “ 

B4 ROJ* F.(2E~*TJ,: PRINT “roj ■ * ROJ " Rg/CublC aetar" 

63. V • H (RO.CCS9:: PRINT *v • ’ V " •Pt*r/*#c" 

B7: Vj • I9EJ. )RCj42.974t-C-3>: M INT “»j • " VJ " aetar, eac” 

B~S PRINT "Th* nu*t»r o^ j*t* u9*d dor injtctior >* "NQJ 
Be . DR • RDJ/RG: PRINT "Otniity ratio ■ "I 
BED FFIiJ" USING DR 

Bc“ J ■ (RU>. J*‘. J * / (RD*V* . ) : PRINT "Moaantua ratio ■ "I 
BE'. PRINT USING '99.9c 1 J 

EV S) • SR1*(NJ*d: runt "Spacing -atio • "i 
E'l (Ml.’ USING "99.99 l £R 
9 ...• PR INT "A: 1 MLith-1 incrtwl, AI ■ " AI 
91'.' PRINT " Ir.t " o into- eation «)la I* nan.ad •' P19 
e 2- PFKT "Data til* l» r.amao " Pt* 

97 II.R w'T -CMCC' CALCULATED VALUES. IP ADJUSTMENTS ARE REQUIRED, MAI E THEM 

GIVING Tine For. Changes TO TAKE PLACE. HERE ADJUSTnENTS NEEDED' IF.. « 
94' IR F „l ■ '' ThEn lot' 

10." HR ITC 9: . AI.P 1 9.FD9. Jc.NJ.PR.TR. MCR.M) R , MGR. TJR. MSJR. BP R . T5R . T*R. T7R. TER. 

T 9 R F . 1: .T.TJ. "5. To. T7. TB.T9.T1C..RD. RCj.V.MSJ. .V . DF . J . SR . I ' -I 

: . . p r I 

p.m. : 
i . 7 . f r :v 

i . R r j-.' 


1.1 F F. IN" "BC; " t 

r s C 

angle 

til 

F* 
1 J 

tir 

1 1 4 

1 1: 







1 oe FkIiT 



pn 

pl2 

pi: 

P14 

PI5 







107o FRll.T" 



V 1 I 

vt2 

»17 

.14 


. is ' 

108. PRINT 
I09-. PRINT 

11>. FOR a: - 0 TO B STEP AI 

H5o PEn recall tnat 9 ra«are to radial poaition 95. 5 to S3, etc. 
1 2t».' FOR RA • 9 TO 1 BTEF (-1) 

125. GOSLE 4000 

14 X. NEiT RA 

13.'. NEiT A7 

160.' FOR A2 - A2 TO 10 STEP AI 
170.' FOR RA - 9 TO 2 BTEF (-1) 

1 ■»3«. GOSJR a'X'O 

1900 NE » T RA 
VO.' NC«T AZ 

10 " for a: > a: to 12 stef ai 

IS'' FOR RA ■ 9 *0 : BTER (-1) 

7-vt GOSUb *'>•:•<• 

4X NE*T RA 

23- . NE«T AZ 

235 ' FOF AZ ■ AZ TO 14 BTER AI 
270/ FOR RA ■ 9 TO 4 BTER (-1) 

2S "/ GOSUb aC'Oo 
29/o NEiT RA 
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ORIGINAL PAQE 

OF POOR QUALITY 


t-s nC).' a: 

F&k a: ■ a: tc is etef ai 
fdf aa • • to s stef <-j» 

T 1 4 GDSUF A GOO 

Z !t>. NE « ' AA 

tit . I.EXT a: 

IF ■ • EM 

a* • • mm ■ to* a: 

»:•*, AM • <RA ♦ . 3 1 • 1 0 
*i ■ Ft.: ■ fnt « ] 

*1.; FF1N1 USING *•••. ‘IFI.1I 

A2CT SR II*'. US 1 Hi * I A AD I 

*.0T FAINT USING "(ANSI 

ll.t GOS..E- 7010 , 

All-. AEl- At tnn lOCAC 1C” on# mutt 1 r.c 1 uOa tn# ccMtr.fi to h#«# th# CO” Cut #r 
rti.ina tn# oc#”*to> Mhict. temp#* Atur* proct i# being converted. 
c.113 AEf hi”# Ik «r.#r# ro.lint Fo” gatr.erir.g individual tamp#ral.j>t Oat* Mill a. 

ait*. gismE 6 . to 

AITS AC" h#'A 1 # Mh#”A tn* Algc-Ithn For calculating velocity Mill gc 
AIT' F0» VE- • 0 TCi 4 STE* 1 


t> i + 

V IVt* 

. A«. A. . 

• ( (Tat SOI . 4:6* AEE «F (OEL.AA.AT) . ? ) / (F (TB^aT (VEL.AA.AT.' >) > .7 

t in- 

Mt >7 

VCl 


cl Z. 

FI II.* 

USING 

"•##. "1 F NT l 

t»Z 

F A I ' IT 

US : NG 

"•a. ”l RACt 


FAJ'JT 

USING 

■aa». ”i anji 

cT • .• 

fain* 
a; > t 

USING 

-aaa. ”« T lO. AA, AT * .1 < 1 . A4 . AT ) . T (T. A.' . AT T (T.RA.A2 , .7 


FAIN'. 

USING 

A. aaaa “I F iu.AA.*- 

ti 

Ff IN 

' USiN. 

A.Aara >1 F ll.l.A.A:>,F iT.AA.A2l.F (T.AA.AT».F (4.AA.A1 I 

t>*w. 

fa.:.. 

* l'S.n: 

'■ dt.aa ”1 VIC*. AA. AT 1 1 

tl 

ff : . 

‘ USING 

ea.ee ”« V> 1 . AA. AT ) . VIT.AA. a: » .V(T. Am. A 2 ) , Vi4 . AA. a : ■ 1 

tit. 

FA 

• 


kt 

TAJ. 



“ “ * “ 

L I ' 

f 

-. c 
IV. A 

A , .F-:.A.i,lu'.K..S; - .Td.A-.AI'.T (T.A*. A. 1 . (T.Rm. AT • . 

...... ,F ' .FA. A.' .All. AA. A. .•"T.AA.a: .MT.Am.A: .F .4.AA.AT . 

n. *1 . . . I.AA.AT'.CiT. .4, . . V iT.Fi—. m. / . V > 4 , R*.. AI 


At!’ AEn»r. 

7vl. AE‘. Temperature tuPro.it. ”.# ttertt her#. 

7 _ • RE' tvfo. t ;r,a tc p#”»c> rit. temper Atur# acqui ti ti or. From CA'.nn*. 1 

7. Tv ADORE ST • IBS 

7.4 OuT AODKESE *4. IT 1 

703 At* Lir.t 7 1 gi .## * gti r. oF E mi th velut G« ITl 
7o*i.i GUI ADDRESS *3. 3 

7 07*. ACM Lin# 40 d#kigr.#t#k chanr,#; 3 (temperature) 

70S .• FGA I . 0 T[i I STEF 1 

70?> AR 1127 “t” l«ll — " 

7 >A3 SEEF 
7 1 <X* STOr 

7110 FOR HI • 1 TO 23 STEF 1 
711.. OUT AGDRESS «A, 0 

7 1 To REM Lin# AO tta'tk th# conv#r#ior. proc#kk 
7140 A - INF (AODAESS *4) 

7 1 SO REM Lin# 1C AAkign# atatu# byte vaIu# to r. ScIom. iF a baa coiw»r«ior. it 
•ncount#r#d. It Mill attempt to convert Again. 

71A: IF A . ITS THEN 71 AO 
7170 A ■ A ANT It! 

726.' IF A a ITS THEN 71 It ELSE 7140 
”14 :• f-fint "SAT EONVEFtsiorr: Stof 
7T >:• GOTO 7040 

7110 REM A##d data Fro* board in lin# 7140 and 713.. 

71To LOW > INF i AODAESS • S> 

7130 HIGH b INF (AODAESS • A) 

7T40 AEM S#1om. m# #r# converting to decimal numbe't. 

7T3C VALUET b 2S#*H1GH ♦ LOA 

71b. IF <ALUET ; 3T7*7 THEN VALUET b VALUE! - ASSTe' 

7T7o OOLTAGET b ViFLUCT.'TvJ. 8 
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:• 

■/ JVV 

?:-:t 

7710 
7: i 5 
7:r-: 

rzz>.' 

7T-4-. 
7:: ;■ 
73ov 
•.•77.,> 
77 fZ 
774 
7741 ’ 
?4'.“. 
74 I .• 
E. I > 


e : • 

6.7'' 
6 77 

6 4 

E 7.' 

6.4’ 

E 

6 * 

6 -7 
E E 


e :-t . 
e: 1 

e: 

6 :;. 

6277 

EjT. 

624: 
E 2 70 

62 a:* 

6 i 7 .: 

eiE.: 

624 . 

ei«: 
6177 
■7C'* 
e: ,i 

8I"4 

■704 
■ 704 
6710 
677' 
0 


T4i: nil - VOlTAGET* ’ 1000) '6 
» • r • TFBtrinn 
NE’ I Ml 
EEEF 

faint i/im-D 

AE* Lin* 73'S hot 4 conversion in it 4er Foro n. to lolvir.. 

1 l 1 . tv. AZ ) ■ 1/ (Ml - 1) 

FQi fill. ■ 1 TO 75 6TE e 1 

FS7 • rsr ♦((TFBttniA) - T(1 .aa.a:h 7)/ *75 - n 

ME I 7 MIA 
67 li > 4 SI .5 

FAll.T "Channel “11*1 “ std. do., is * 60(11 
Tll.6A.AZ) - t5/4>o (IX/ (Ml-1 « » 454.6411 

1 a 

FSt - 0 

NE<7 1 
F ET JAN 

AEn SuLro.tir.* tc p*'-lo rif At convO'Blor. o< chsr.nols 0 through 4 in tho 
prop*' soquor.cs. Tho board oust bs in tno l'O noppod nod*. Thsts 
cor .protons or » lor protBurs. 

A&BAEEi * 16 '£ 

OUT ACB4ES3 ♦ 4. 17'.' 

ACc. Lmo 6.7'' colls g* i n*4 oinco input is 0 to 5 volts (no 35 n s* 

FGA CM ■ TO 4 STE‘ 1 
OUT AICAESS « 5. CM 

AEA Hr,* E.>5. dosigrotos chonnol r,unOo< . 

FBI F 2 » 1 Tf 75 ETEr 1 
&.«•» ABC'S E SI * 6. <• 

AE Lino E "<:• slots eon /or si or. pr ocoduro. 

C • INF (ACCAEiU * i > 

At" Lino E..'6.‘ ossigr.s *r or. boO''C tr» condition pi status b.to coi. coining 
cor.orsio'. E*. On. 1 4 or u’.r CCOptatl * CO' .or BIO ■ OCUurt. t(.*r. tl.fr 
Cv..ci- oil) of.s.is'- tr.» coi..* vie.:, ogo.n. 

1 r i 1 -e 'MEr E * 

c * c Aur it: 

I' C « 17E THE:. 6:7' E.SE 127 
FF2N- ''6-: CON.'EAslO: 2 S’C' 

EBTL 6 

AE r Aood oota l'O.- poord to) in linos B:4'J or.d 6:7'. 

LC.. - 1NT IAEBAE6E * S> 

HIGH ■ INF lACDAESS • 6) 

AEn Eolon. MS convert to docmol volucs. 

VALUE! a 75a* Hi &H • LOA 

IF VAvUCF 2 37767 THEN VALUEF a VALUEF - 6557* 

VOlTAGEF a VALUEF /704. 6 

AEM Col I br Ot I or. IS 0.1 psi por 7.5 VOltO O 4 Output. 

CAL 1 6A AT ION a . 1/7.5 

FlCH.AA.A7) - V0lTAGEF*CAL1»AAT10N.4 - ZEACMCMr 
v a v * f ich.aa.a:> 

NEX T FI 

F(CH.AA.A:. a V/<Fl-lr 
V a 0 
NT XT CM 

aetuan 
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Is FEr tMi program ib 4o' (CCHim; flat* fllaa and printing out naaaaJ infat - 
aatioi.. 

;■>> IMF JT “Mr, at !• IN* fila na*l and nuafcar for intre. in4or»atior,"l FI* 

vs- l.‘LT "Mr. at i* tr-a 4 1 1 a nan* and nunbar 4 or data “l FL* 

«:• Of Ell FS» FDR IMF JT AS ai 

5.- Of EM FL» FOF INrj T AE al 

ai FAIM •■All lNFOf "N-TlOr. NOT APUREL F- THE COnFuTER 1NCLU0IN j THE INTRO- 
DJCTOR. DATA IE AI FOllOWI: " 

7-i INFJT *l,A], c J*. c L».Ju. Mj.Fk.TR.f 1 CR.ni R.nGR.TJR,nfcJR,6FR.T5R.T*R.T7F.TSf . 

T*F.TlOR.f1C.ni , n& , F.. F , T , T J , TS. T a. T7 . TS . T* , T 1 u, RD. RLi J . V . Hi J , Vj . DF . J , Ef . 

i>r . nsj 

H-v i:r T <4.*. 16 - 
11 Lin F 14.*, 16 
llu Elf V i 4 , * , I 6 ) 

:SE 6Tj! 

If- C.L 

:t: F K 1 1 ;T “Tn* na*» p« lha .intro, information fila la "FI* 

1*4 FAINT “Tf,a nai.a pf ti-a data 4 1 1 • i* “FD» 

!*'< FF1M1 "Tf.a cnoaa- atiaulhal incranar.t i* " AI 

I** FFJr.T "Tha r c— i r, «‘.icn oc-a- aticnal dilution j*t* appaar i* “ Jl 
r*- fain’ “Tr.a nu«b«r of dilution jata m oparatio r - i* "no.” 

1*6 FF1M* “Tn* nuabar of j at a bat***.. op*' at i or. dilution jati l* " NJ 

7*.»: FRINT "Tha con:, ito> gaga pr#a*ur* in nr o* uatar i* •' FF 

7 : •• FFIN* "Tr.a C Gr.Luat 0 - cro»l-llo> tair.paratur# I* " TR 

710 FMWT "Cp.--bu»tio-> an 4 1 oh rat* in aa- o4 »at #r di ffaranti al i* “ niA 

ZZi FFIMT "twOl I r.g air flo*. rata in nit of a* tar di 4 4 #r *r.t i al I* " m F 

74'. FRINT "Natural g«-a 4 1 o> rata in a-a of aatar dlffarantial la " Fi r 

7S" FAINT -Cooling j*t tanparatura i r, dng r aat Faranhait I* " TJR 

?6 FF If * ' 6< r.gl a j* . 4 1 o. rail n S.t.F.fl. |» " (1EJA 

-- F F !• “ “la pa.at- 1C p> al Aura I' ir.cnai Crf Mj 11 " FFF 

.'I Ff -.r "kail t*. va . • v a TCI . f Cm, 111 Far* ..'.ait I* " T5T 

7* FF i ;.T ' l, : 1 t»«-oa a'.ur* T«F in a*g> aai Fa" anna it la “ T*F 

4- -■ FF;r:“ "n.II ta.ipa atvr* T7A in dagraat Farannut i* “ T7R 

4i • FA1MT "Kail ti'.iir»*.ur> T£R in dagraa* Faranhait n “ T6A 

41 fk:i.“ “ka ' 1 ta-'a-a- atu-r* Toa in dag- aai Faranhait i* “ T*f 

47'' FF]r.“ 'Mall taaptratur* Ti:-A in dag"*** Farannait is “ Tl'-R 

44-: FAll.T '»..#.«M..«M«««»«M***».*#a«t«aM#»M**ta.*a-i»«*»»*a».M.*»»" 

4EC- FF.ll T 

<a'.- FAINT 

46 FRIMT "THE FDsfOMlNG Vf.LUES ARE CALCULATED FROM GIVENS AND I NT DR HAT I ON SHCim: 
AlO.'E. “ 


4*. F R 1 NT "COnfcv'STION AIR FLOW RATE: 

5-.-0 FR1NT "CODulNG AIR FlOM RATI: 

Slit FAINT "NATURAL BAS FLOM RATE: 

510 FRINT "TOTAL F1AS1 FLOM RATE: 

57-.- FR1N1 -A6&0LUTE C0H6UST0R PRESSURE: 

54C- FRINT “CROEE FlOm TEnFERATURE: 

55-.- FRINT "DILUTION JE’ TEMFERfTURE: 

5*C FRINT "NALL TEnFERATURE TS: 

570 FAIIIT "MALL TENFERATURE T4: 

SE FAINT "MALL TENFERATURE T7: 

5»r.r FAINT "MA»L TEnF ER aTuAE T6: 
av FAINT “MALL TENF ERATUAE T*: 
oSC FAINT "MALL TENFEAATUAE TIC: 
al'C- FAINT “CROSS FLOM DENSITY: 

*7s- FkINT "01LUTI0N JET DC MS 1 T V : 

*4. FRINT "CROSS FLOM VELOCITV: 

as FRIMT "DILUTION JET NASI FlOM RATE (aacn jat): 
aac faint "dilution jet velocity: 

*7-: F R1 M T “DENSITY RATIO: 
ae. FRINT "NOnENTun RATIO: 
a*:- FRIMT "6FAC1MG RATIO: 


me » "HC" ig'aaf 
ail ■ “Mi “ Fg/aac ' 

•g ■ *na- kg/aac' 
a- ■ “N" l g/ia:" 
p ■ "F" paacalc" 
t ■ "T" dagraai Raisin' 
tj ■ "TJ'dagraai lalvin" 
tS * "TS' dagran l.alvin" 
ta ■ "Ta’dagraan Kal win" 
t7 m “T7"d*g mi l alum" 
tt> ■ "TCdagraa* F.alsir." 
t e ■ “T* 1 dagraa* falvir.' 
tlO« "TiO''dagr aa* r.al.-i"' 
ro ■ "RO' ig/cubit aata- " 
ro.i« "R0J"l g/cutic mat#"' 
w • "Vaatir/aK" 
aa j * "n6J''ig aac" 
vj • "C'J' aatar /a*c “ 
dr ■ “LR 

j ■ "J 

ar » “ fck 
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>V* F A i N I " 

' ... mu'* "THE UNITE SElOa AAE KELVIN. F S 1 AND METEKS 'SECOND. • 

?vt FI- IN* "" 

?••.” FAINT 
?• •. FAlNi 
?iv FAINT •■• 

*1. AKIN* ••• 


7C-. FAiNT'pont 

r sc 

angle 

tit 

tir 

t) 

w 

1 1 4 

tlS 







fm;.T“ 



pn 

pi: 

PIT 

P14 

PIS 

74. FAINT" 



vil 

vIC 

vlS 

04 


vlC 


?4S 

fain- 




?5 

faint 




6 

FGA AZ ■ 0 TO 1 

STEF A1 


EH* 

FGF AA ■ A 

TO 

1 STE' 

• - 1 ) 

6 Z 

cciSje 




6 ? .• 

NE > T AA 

• 



64 

ne>t a: 




B! 

fo*- a: • a: to 

1 ( 

stet a: 


ife 

FOA AA • % 

TO 

: STEi 

1-1 ; 

6 * 

GJSJt CuC ' 




LL 1 . 

NE«* AA 




6 ? 

NE * T a: 




. 

fjf a: • a: to 

i : 

STE' Al 


^ 2 . 

For AA ■ A 

TO 

T E*EF 

1-1 . 


Gw'aJi C " *.* 




S 7 . 

NE * T A- 




SA 

NE'T a: 




C f 

f of a; • a; to 

|4 

s*ef a: 



rot a. * * 

TO 

4 S*EF 

i-I ' 

* ** 

gjtji : 




S 

NE F. 




4? • 

nl ■* a: 





i •. fjk a: ■ a: to ie ste» a: 

|i.-S .i FC 1 E" • < Ti 1 E7E« '-1 . 
k eoiJt 

i ne<t aa 

1 N£ »7 AC 
l**C* END 

INFUT «:.F-nT , RAD. ANC. 1 It. AA. AC i , T l I f F.A. AZ > ,T 12. AA. AC I . T I3 .AA.hI : . 

T lA.AA.AZl.F IO.AA.AD.F C 1 . AA. AC ) , P 12. AA, AZ > ,F tS.fcA.AZI.F l4.AA.AZl . 

V (U. A A, AC ) . V ( I , FA. AC '.VIC. A A. AT I . V (3, AA, AZ > . V l 4 , AA. A* ) 

2010 FAINT USING ••••. "« FNT| 

COCo FAINT USING "••. "I A AD I 

C'OTO FAINT USING "•••. "I ANG; 

Co4-. FAINT USING "«■■. "I T lO. AA. A2 ) . T 1 1 . AA. AZ ) , T 12, AA. AZ I . T 13. AA. AZ 1 . T ; 4 

. A*., AZ I I 

COS' FAINT USING " •■•••• "I FI0.AA.A2) I 

CO*0 FAINT USING "■.•••• "I All , AA.AZ i , P I2.AA.AZ) .Pl3.Mi.A2 > .FI4.AA.A2) l 

2070 FAINT USING " "I V 1 0. AA . A2 I I 

2 ct:< faint using -i vii.ra.az> ,v< 2 .aa,az> . vis.fa.az> ,vi«.a.„a:i i 

Cw»:' FAINT 

210 C faint 
Clio AETUAI. 

0 
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OF POOR QUALITY 


3. LASPLMPT. BAS— Plots set of radial temperature profiles. 


1( Cl£ 
llv IE* OFF 

i as pan fn* i*, ib: 
a:: can fal t. as. 
art cm anct, in 
I So Din T 14 . %. it, 
arc can f ( 4,9. an 

14 can v«4,9. i a > 

51 :• INFJT "wr.at i* tna infoducto’ . information filtntna'i F 1 a 
4lo Inf uT "wr.at it tna oata filar, am* "l FD* 

SIC OFEl. Fit FOF lrf*UT AS ai 
410 OFEl- F0« FOF 1H*U? A£ a: 

TIC 1NFU1 41. A.*. Fit. Fit. jL.lfJ.FA.TA.HCF.fll F. nGF . T JF. NSJF . BF F. T5F. TaF. T'F. T g«- . TO r 
. Tlv.iF.nC.ni .H&.n.F.7.TJ.TS,7A.T7,TS.T9,Tlu,F0,FGJ.V,nBJ,VJ.DF.J,SI . BF ,NOj 
715 Air ■ AlaiO 

Bi\ lNfu: “ wr.at t^pa of plot it tma i FlTvF* 

bis fof a; ■ c> to b (Tt< «a:c. »<■> 
s: fof fa ■ « tc a sid i-a > 

sri bosji s 

t:; ME *T FA 

css nch a: 

b«. fof a: ■ a; io ao stc> iajc ac. 

64* FOF FA ■ ‘ TO : fc’EI !-!• 

15 BOSJI S 

Bsc i Ei t Iv- 

es. he 1 a: 

e= fof a: ■ a: to a: ehf .aic a > 

BtC FOF FA • I TO : ETC! 1-1) 

BcS BOSJfr iv'w 
Be' NE»1 FA 

nc > i a: 

r: fof a: ■ a; to 14 stef iaic/io> 

I": FOF FA ■ 9 TO 4 6TEF l-l) 

B76 GCEUB SuOj 

BB NCll FA 

BBS NS IT AS 

BBS FOF a: a a: TO aa STEF (AlD/lvj) 

BB? FOF FA e 9 TO 5 STEF l-|) 

BBT BOS JS 5oO !• 

B*l NEIT FA 

■?; NCIT A2 
9lo ClS 

icmo bcfcen : 

1 1 lu LOCATE I. SO: FFINT "FILENAME: " FDt 

1210 LOCATE 2. so: FF1NT -HONENTun FAT 10: *i: FFINT USING 

1510 LOCATE 5. So: ffint "DCnBITv Fatio: “i: FF 1 NT USING "aa.aa IDF 
1 S2S IF NOJ - C THEN GOTO 1425 

ISS. IF NOJ - 1 then goto 1450 

141V. LOCATE 4. So: FFINT "BFACING FATIO: “IlFFlNT USING 'U.M'lSF 
1411 GOTO 1510 

1425 LOCATE 4. SO: FAINT "BFACING FATIO: “I : FFINT "NC INJECTION’ I 
1424 GOTO 1510 

145 . LOCATE 4. SO: FFINT "BFACING FATIO: -|:FFINT "SINGLE INJECTION' l 
1451 GOTO 1510 

1510' LOCATE 5. SO: FFINT FlTvFP 
1410 FEET 175.50) 

1?K. OFm. *r52T 1540" 
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ORIGINAL PAOC 
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it;. ry a: • o to i ete« iajd. ic <» 

u:t a:l9c • a:loc • i 

!‘i ry K* • V Tb I !?■» l-» I 

: : . . &'tji *«k 

•> '• .* I4L » 1 HA 

... i.c<* a: 

;* Alfa • -is - <aid«:* 3. i4isn*so -s*".'* 
:*i rof> a: • a: tc t rt» iaid/ioj 

• i 

I SU* «-l! 


tTC’ lAltrivi 
• I 

3 f Tir 1 - 1 , 


>t:i (Alt', i*. * 

• i 

7 tier i-i» 


iiE> I-:: i«: 

• i 

7: A G' U 1 « 11 i ITt* i-l. 

;■ : t-.’iji i 

wc * *• 

: • .. i *; 

aj» • *: tc u sic* i..j; 

7 *k am. ■ a;.:: « i 

7*» bjf.s i-i 

3k.o rt# u . « tc- t btj» ( .| . 

:i rosji i:«-<5 

3t5v NE»T A. 

:n nt / i a: 

4*10 LOCATE 1.1,0 

• TIC A St t .76 . . 1 4 v. 1 DA~"a7 da u7 A3vi uT da uT L7oo M 5 
MA-lICt Tln»CAATUt£ a 1 - 
4714 lOCAH 1.1.0 
4?» CUC 


c % : a. a:loc ■ a:loc 

:u ftocjf 

r. Aor ix • no 

scut i:a<<3 

::i me < t a. 

331C 14 • 1 a; 

:7t .• rjt a: • •: tc ic* 

773*. AlkOC a AlLC'C 

73a. buijy «%lkf 

74 1 .. A C|A A— a d TO 

743 OCft.l UAvt 

34—. Nt»’ A. 

:s . me • t a: 

:;.l aca a: a a: to i : 
317 .• AikOc > a:.o: 

31- &G»ut- Mi: 

713 AJ* A- a 4 TO 

71*1 603.1 1.4 1 

7«l* Ml ■ * A A 

7a.l ACT a: 

AC' -7 • a: TC 14 

:*3s *2oo: ■ a:.c. 

6Ci_l 6-1. 


LOCATE 37.76: AA|MT“».J< 


&•>: 3 LOCA a LOCA • I 

6006 1A EC* <3> then goto 667 

6.1<> IN'UT IC . AMT lAA. A: ) .RAC (A— . A2 ) , AMS I AA. AZ 1 . T 10. AA. A7*.TIt.A*.,AZl,T (3. A.. A 7 i 
,T (3. AA. A7 > . T (4, AA, A2 ) , A I0.AA.A7. .A ( I . AA. AI ) . A (3. AA. A7 . . A (7. AA. A7 . , A I4.AA.AZ*.1 : 
0.A—.A3 > . Vi I . AA. A3 i , V<3. A/«. A2 j . V(3, Aa, All , VI4 ( AA. A3) 

6 aetua.. 

an: a y theta a o to . i7«a «te» ni/3*o>a2#3. i4is*:*64a.«i 

aV;i IC00A a ( THE TA*3«57. 3T377011 • I • 75 
?•. I ASETiiCOOr. i at 

7 110 A Ok AI6 a C TO ,f~4» STEF <AID*3a3. ldlST3A54d.'3a,V 

"„i' at a icoo». e 

**7lv *T a tlaa/6) • C 

74 1 C 1A AfrS. THETA - A13 1 .001 THEN DA AW *ullA dll*': LOCATE VT. AT: AA1T A7.C3: 
TVa . .lla/ !«••• mx-AADlAA. A2 * > -SO. : IVa I- 1300* IT 13. AA. A3 1 -T . . IT J-T • < « 4C00A lAaL I • 
a.-, n ■ : a set iiv.vv-niABET i iv. vv-n:r6ET iiv*i, vvwfbet «i 
*510 NC.T AI6 

7 a l AEn 14a ripraititi starting ycooro at SO dlud tr.a p ri»t>, sor.c Midtl* B« 6 
tiaaa its weighting factor of C 
■**.. ur«A Turn, 
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ORIGINAL PAG£ 

OF POOR QUALITY 


T' j i -meta • .ui'«4 

:*:o aktu*’. 

| v rot TMfTA » THETA TO 3. l4lBfC*S4a STIT (|*:0. I4ist:*&4i;^('i 
V.lv 04. T.. ■ It:<ll - SI'kTHETAI l /■! i 
Vi IV hl»hA • ATuiOElTA III - MLTM I» .Si I 

t:i:. i ■ uur«coi thctai*cos*t»«ta) • si*cot(*t , v.‘.- •••■»■»*<•!•: * •*. 

1* •S1W.THH*' ♦ Sl»COSlA.tHAI»«lW«T»-v- rt MTA»: • ■»*Ta * ! .? 

«: H A ■ f«T«J T»«TA» 

MH k • HA - I3«*' r "T’A’I 2 'S • |-•SIfHTM^T4l» 7 - *T r T • /?» 

«• ■■ • ••!-!*• :?• .? 

%» • • •! : 

• i tut/ ?•?"?•?!•? « t* 
st i' • it - :*>•: • so 
..... v . . - trot - ?:• 
r uccr* . vcco« • 

j ■ r r :• ro* *is • *i«« tc :,u: i«!0*:*:.i4ib«=aS4* Saoi 

j.T! • »t ■ »rcot -t 

vi • ivcoc* s. *r 

|i.k- • IT Alt I THETA - All . I 1 HC DA AM ”u«,cl 4-vCI~: LOCATE VT.kTi PAJWT AZtU 
ClTnlTf ■ theta • . 0S7Ca*4*.»a : BCTO !0*:c< 

I'tl' NE*T AIK 
* H • NL.T TML’A 

mtum. 

A».a: »»•!<•#: kV« t- ?3©;>» IT lC.fcA.A2 »-fi > ITJ-T< (.ICOa 1 - 
iiin.i,, vvitrsiT ii/.».-ii:iki ikv.vflisrscTiiwi. vvi ttSEi ikv-i.v.-i 
IN). Mtjti. 
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ORIGINAL PAdtL iS 

OF POOR QUALITY 




4. LASPLMPV. BAS— Plots set of radial velocity profiles. 


k ~ t 

it II o** 

IS! ID •<..!* 

ISO Ciln A 4 £ >«.!»• 

ir! z:r ans n. it 
t>: tin T<4.«.||. 

IS! tin H 4 . 1 .II 
M OS" Vl 4 .«. It 

:i: lMTUl II tl.» intreaxctor . inlo'Mt.O' lllniM’l fit 

410 |N»jT “Nl .41 14 tr >4 CIU 4 1 ltf< 4 i* 4 " • ft/t 
* 1 04 Ll. Ill * 0 * 1 M»J 1 U 41 
Us- D* E'< rtl« *C» IN* .'1 4.1 it 

?lv I :rj 1 4 S.Al.n*.fD*.J...N.'.*A.TA.n:A.n..A.N 6 A.TJA.N 8 Jr.ifA.TSA.T 4 A.T 7 A.Tt*-. 1 ‘- 
. TlVf .HC.W . NC.N. * . 1 . T J . Tl.l 4 .TT . Tt . 14 . 1 10 , AC., ACJ . V. MSJ . Vj . DA. J . t* . 6 * , NO.' 

Til AIL • MU'.' 

0 l> IN'JT " 441 . 4 * t .64 el ties. 14 tM 4 “l *Ll »*4 
l:s re* c»: • C IO l >*c- » • 

k ro*. a.. • i io i in* i-i* 
k:r o:m.it 

IT. ML > * *.M 

M(*i 4.; 

44 ro 1 - 4 .: • 4 .: 1 C |I. fl‘ lAli.'ll'i 

i .o re* •«ii/i sic •-! i 
i- OSSmI ! . 

. 1 . I.i 1 I- 

«. ' I 4*1 

«•. *> 4 .: • i„ j. iti« mil i • 

i.i *d* *- • i ic : in* i-i» 

»■•- G 3 ijl t '4 • 

t« ' Nlil I. 

tfC Mill A 2 

t'l * 0 * A 2 ■ a: 10 14 til* lAltl.‘IO< 
r: ro* u • i to 4 rn i-n 

n totjt ft v» 

it NCll Am 

ot: nc >i a: 

ttt ro-- a: • a: to it cn* said.io* 

66' TO* ISA • 4 TO 1 tTC* l-|l 

til OOtUt 5 -j 

6*1 Nt >1 Am 

■ 41 NOT A 2 

41 V CL 6 

i oic- icRtiN : 

1110 LOCATE |. so: MINT ‘FILENAME: * 404 

1110 LOCATE 2 . SOI MINT "HONENTUH A AT 10 : ‘II MINT USING ‘ 44 . 44 ~ I 
131 v LOCATE 3 . SC: SAINT “Of NSIIv AAT 10 : * 1 ! MINT USING “ 44.44 ID* 

1 SS 8 1 * NCJ • 0 THEN 0070 1425 
I St.- I* NOJ • I T*CM 0210 148 V 

1410 LOCATE 4 . s:>: MINT “ 8 * AC I M 3 AAT 10 : “I IMILI USING “ 44 . 44 ‘ltA 

1411 OOTCl 1810 

1418 LOCATE 4 . SCI MINT “OFACIHO RATIO: *11 MUST “NO INJECTION' I 
141 * 0010 1810 

145 .' LOCATE 4 . Sv: SAINT “MACING AATIO: *i: MINT “SINOlE INJECTION! 

148 ! 0010 1810 

I 8 ;u L 0 CAU 8 . SO: MINT FlTV** 

14 . 1 V ftETlCt.tVl 

tt»Ai« ««t* a * • * 
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in: fw az ■ o to i rtf (Ais >o> 


1615 

AZlOC ■ AZmOC 

• 1 

1*|C 

FOF FA ■ * TO 

1 STEF (-11 

2 or. 

GOSL'I 4810 


I*. 2.* 

NC'T FA 


i . 

ML ' 1 ml 


2 EI 

A1SS - AIS - (AIS. 

>2aZ. 141 5*24544 / Cav ) 

r i i o 

FOF AZ • AZ TO 8 STEF (Alt IC'l 

Ml 

a;loc - aZmOC 

♦ 1 

2 *2o 

bSSUt B- 10 


t- 1 :• 

FOF FA ■ 4 TO 

1 STEF (-1) 

Til'.* 

GOSUt 12405 


32 : > 

ItflT FA 


22 lo 

NEiT AZ 


325' • 

FOF «Z a AZ TO 10 

STEF (Alt. lo) 

TT55 

AZlOC ■ AZlOC 

♦ 1 

22 a'. 1 

G04JF e L i-. 


: 4 1 *.■ 

FOF FA ■ 4 TO 

2 STEF i-li 

2.45 ■ 

GOaJI 12405 


24 ?1 

NE i T FA ' 


251 • 

NE»T AZ 


— • -m 

4*^4 W 

FOF AZ • A2 TC 12 

STEF (Alt 10. 


AZkOZ a AZlCZ 

• 1 

25* 

GOSUt 4*4- 


— » • 

a/a*» . 

FOF R„ a * TC' 

2 STE r (-1) 


GOS'Jt 12* 5 


" e 1 •!* 

NE-T FA 


2a25 

ME > T AZ 


2st 

(yf AZ • AZ TO 1* 

STE e (All lOi 

Till 

AZlOC a AZyQC 

• 1 

Zae 

GCSut 8*1' 


2s* 5 

FC'F F t « C TO 4 ETC' C-l> 

. * . 

GST j. 12* 5 


— • i 

Ui ■ 7 *■ - 


2 "j 

ME « T a: 


2?**5 

FOF AZ • AZ TC lo 

STEF (aU 1 . 

2~6 

A. .C a y.L.. 

• 1 

274 .* 

GOSUt 4*1'. 


;t o 

FOF FA a c TO 

5 STEF (-1) 

2425 

UOSJl 12405 


285.' 

NEXT FA 


38’5 

NEXT AZ 


47 1C 

LOCATE 1.1.0 


4712 

FSET (35o. 1*0' : DFAM'uT So uZ F2S u2 

LIZES VElOC 1 T > - 1' 


4714 

LOCATL 1.1. ( 


4720 

EMC' 


5'/00 

LUCA a lOCA ♦ 1 



5"C*5 IF EOF Ci THEN GOTO 86? 

5010 INF (JT #1. FNT (FA.AZl ,FA£ (FA.AZ) .ANGlFA. AZ • .TK'.FA. AZl.T (l.FA. AZ, .T (2.FA. AZ 
.T(3.FA,AZ>,T(4 .FA.A:i.F(0.FA.AZ>,F(1,FA,AZi.F C.FA.AZ l.F C.FA.AZl.F (4,FA.AZ).V! 
O.FA,AZ>.V(1,FA.AZ>.V(2,FA.AZ>,V<2,FA.AZ>.VI4 .FA,AZi 
S vZo RETuFN 

ABlv FOR THETA - O TO .1744 STEF ( « 1 /340>*2*3. 14 1 5424544 ■ *5 
4*10 ICOOF ■ ITMETA»3«5?.2*5'7*514I ♦ 25 
701 v FGE" (XCOOF. 144 

71 10 FOF A1S - 0 TO .1744 STEF (A1D*2*3. 1415*24544/ Z^O) 

7110 IT ■ xCOO c '6 
7510* VT a 1 1 44 / 6 , l « 1 

74.0 IF ASS (Theta - AISl-.OCl THEN draw "ul 14 0114': LOCATE VT. IT: ffint AZLOu: 
Wa; (114/1 Co >•(! 00“ RAO ( FA , AZ I >«5i" : »v« ( I l (VC.FA.A2 i /Vi - 1 I OS' •ICClt*. ) : FSET X . . > 

i : fset iiv.vv-i i :fset no, vv*i> : fset ( io*i. vv ) :fset <*v- i. vv> 

7510 NEXT AIS 

>410 REM 144 r*pr4«4nt4 starting yeooro At 50 plus tn» pnur . :or.| aldtn 3« 5s 
t»aa» iti migMing Factor o ♦ 2 


' -3 





-*■ i : 


OF 


POOH 


^ r 


0 WG«'^ n’jkuTV 
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*: i z t«eta • .2»i744« 

77 ;;- fetufn 

s?:-. FOF THETA • THETA TO r.»413»2*14* STEF (S*?*'-. I4|342»S4«.'3*' ' 
delta ■ «t:«(i - sinithcta: >/si> 

411. Ac' H» m All. (DE lIA ill - DL.TA Zl ■ .5(1 

s.i t ■ 1 1 1 it* 20s i theta' *cos i thetai * si*cos ( alfmai • iot i theta 1 1 : • <i:«co: ’hc 

Ta.«S1NiTH£’A * ■ 1 *2GS iAl*'**— I *S1N iTHETA. 1 ~2> IT AN « ThETA / • TAN (THETA: * 1>> .3 
4*. SO A ■ **TANlTHETAl 

441-: ) ■ HA - 1T«20S : TH£T A ) >■ Z ♦ I* ♦ 13*SIN iTHETA* » Z - AT42:/r* 

*LIV > ■ I 6" b 1 - (8 - IS) Zl .3 
4al' L » it Z * > Z> .3 

4~l XCODF ■ I THETA*?*S7. 2*377*31 •» ♦ 23 
» co;f ■ il - z*'»z * 3.< 

44 U rc * VCCDF - 3v 
KC!« F SET t XCCdF. VCOGF 

101 Iv FOF Alb ■ AlSa TO Z. 142 STEF <A1D*2*3. 141342AS4*/3*0) 

1(210 XT • XC00F t 
i . r i*. vt • ivcooa s «e 

I o4 1 •. IF ASi. iTHETA - A1S .001 THEN DFmk “u«yc: 0«, C(": LOCATE VT.XT: FAINT ATi_: 
C: theta ■ THETA * . OS ' 2*44 e2»«: GOTO 10e20 
I "S 1 • NE t T Ala 
lOii* - NE»T theta 
1 fe’ufi. 

124.3 y.» I >1 16 I • 1 1 •■(• -FAE FA. a: i (♦S': ) : XV* I I I (VC. FA. a: • / VI -11*23: «XCOClF :FSL 
<>.. IF SET i»V. VV*l CFSET i; V. Y. - 1 ( 1 FSET I X V« 1 . YV> 1FSET IXV-1. VVI 
12-1 FETU'N 
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0f poor 


Quality 


5 . 


LATPLTES.BAS-Plots 
for a 


all rake temperatures laterally 
given azimuthal and radial position. 


10 CLS 
20 SCREEN 2 

so di« pnt tv. tfi> 

40 DIM AAE i9. IB) 

SO DIM AUG (9. IB) 

*■: Din t (4.4, 1B> 

70 tin F .4.9. 16) 

B" Dm V(4.9. 18) 

90 INFJT “STATE INTRODUCTORY FILENAME IN QUOTES”! FI* 

100 INFjT “STATE DATA FILENAME IN QUOTES"! FD* 

110 OF Eu F|* FOA 1NFUT AS *1 
120 Of EN FD* FOA INFUT AS *2 

130 INF Jl *1. Al. F I*. FD*. JL.NJ.FA.TA.nCA.nl A, RIGA. TJA, nSJA, BPR. TSR, T*R. T7A. T8R, T9r 
.TlOR.M2.Mi ,n&.M.F.T,TJ.TS.T*.T7.TB.T4,T10.RG.A0J.V,nSJ.VJ,DR.J.SR.6f .NOJ 
1* INFJT "WHAT TVFE OF F’LOT (l*t*r«l velocity or t**p»r«tur*> “iF'LTYF* 

143 INFJT-WHAT AADIAL FOSITION IS DES1 RED l*. B. . . . 1 ) “ I RAF 
14“ INFJT" what AZIMUThAl FOSITION IS DCS I RED 1 16. 1*. . . . 2. 0) “ I AZF 
14E CLS 
14“ I EV OFF 

IS'! FOF A: • 0 TO S STEF A1 
140 FOR AA • * TO 1 STEF «-l> 

G05UF 3000 
16 • NOT AA 

1*0 not a: 

for a: • a: to 10 stef ai 

21. FOF AA • 4 TO 2 STEF (-1) 

220 GOSJt SOOu 
23 m NEXT RA 

24.. next a: 

23 for a: • a: tc 12 STcr a: 

2t FOF AA ■ 9 7C 7 STE« 1-1 / 

2* G32JI 3. • 

26 NOT R- 

2*. UE»T a: 

: FOF a: ■ AZ TO 14 STEF AI 

31 FOR AA ■ 9 TO 4 STEF (-1) 

320 GOSJE 1 SO''*'!' 

33 • NEXT AA 

34C 1 NEXT AZ 

330 FOA AZ ■ AZ TO 16 STEF A| 

34!- FOR RA ■ 4 TO 5 STEF (-1) 

370 GOSUt 3000 

SB" NEXT A A 

340 NOT AZ 

400 LOCATE 7. 43: FAINT "FILENAME : “FD* 

410 LOCATE 3, 9: FR 1 NT ''MOMENT jn RATIO: " I ! FA 1 NT USING "•*.••"! J 
420 LOCATE A. 4: FR 1NT "DENSI T Y RATIO: “|:FRINT USING "•*.*• "I DA 
430 LOCATE 7. 9: F A I NT " SF AC 1 NG RATIO: “1 5FAINT “SINGLE INJECTION”! 

442 LOCATE S.43:FA1NT "AZIMUTHAL STATION: “I : FAINT (AZF* 10) I :FRINT "DEGREES ( 

444 LOCATE *,4S:FA1NT “RADIAL STATION: "I SFRINT ((RAF ♦. 5) *101 1 : FRINT “UNITS"! 

430 FSET (29*. 1 7A> : DRAW *rl92 1384 r!92" 

431 FSET (23. 17*): DRAW"u9* r 4 IB r4 d9* r4 IB r4":P*2T (244, 17*) 

432 DRAW “1192 uS d3 r94 uS dS r 142 u5 d3 r 9* uS dS 1384" 

4*' LOCATE 24,11: FAINT -7.141 

470 LOCATE 24.23: FAINT -3.371 

46l> LOCATE 24.37: FAINT Ol 

490 LOCATE 24.47: FAINT 3.57! 

S'... LOCATE 24.39: PAINT 7.141 

3 10 LOCATE 23.27: FAINT "Initial J*t Di*Mt*r«"! 

333 LOCATE 4,1: FAINT "NORn. TEMF . - 0.5" 

3*'. FSET (29*. 17*) 

3*2 LOCA T E 1.1 

*.7i Fun 
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INFJT *2.RNTcRA,A2(.RAb<RA.A:i.ANG<RA,A2>,T(O.AA.A2.> t Kl.R«,A2>,T<l.RA.A; . 

T (2.R*,.A2),T<4,RA.A:i,F (O.RA.A21.F <1,RA.AZ>.F «l.RA,A2i,F ll,Rfc.A2l,F I4.RA.A2 > , t iC 

. RA. A2 ) . V ( 1 , RA. A2 ) , V (2.RA, A2 > . V 12 . RA, AZ ) , V (4.RA. A2 > 

5‘. 10 IF RAsRAF ANL A2-A2F THEN' GDSUfc AOOO 
return 

A'.ov *2CiOR»104: YC00R*(17 a-( 191»(T<0.RA,A2>-T>/(TJ-T>>>: FSETcXCOOR.VCOORllDRAi. 

"ul 04 ul r 4 18 r4" 

AO 1C XCGJR»l.'u: VC03R«(17*-<141*(T(1,RA.A2>-T>/(TJ-T>>): F SET ( XCOOF . VCODF. > 1 DR At. 
ul 04 ul r 4 18 r4“ 

Alio *100R«14 a: VC00R- ( 1 7*- (1 41» (T (1, Rm. a: ) -T > / (TJ-T ) ) ) : RSETi XCOOF. YCOOR :DR~~ 
ul 04 ul r4 IE; r 4" 

A.lo XC00R-192: vlOOR« l 1?A- ( 1»1» (T (3.RA, A2 I -T> / (TJ-T) J ): RSET IXCOOR, YCOOR ) : DRau' 
ul 04 ul r4 18 r4” 

AO* .' XC00R«486: VCOOR* ( 17a- ( 1 01* iT (4. RA. A2 ) -T> / (TJ-T) 1 > : F SET ( XCOOF . YCOOR ' : DR Aw 
ul 04 ul r4 18 r4‘ 

•OS., return 
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ORnKAJ p ,v *r,' 
DE POOH QUALrni 


6. 3DLAT. BAS— Plots laterally all rake temperatures for all 
radial positions at a given azimuthal location. 


i: CL; 

2 C INfjT "Mnal *:i(uth*l location"! AZ 1 
30 Din Ufj 
4 s tin *( 9 > 

: at i.c i o rr 

111 Dir* FNT (9. 16> 

111 t:* AA2 .*.16 
ill :m AN5 s. IS' 

130 Lin T 4,9,16' 
ill Din ► .4.9,161 
140 Lin 0(4 9.16' 

3IC 1NFUT "Ur.at 14 tr.a introO.iCtO'' > in(or«tion «ilenai**"l FI* 

410 INFl'T "Ur, at t* tn* Sat* (il>r,<M"l FD* 

11, OF E(1 FI* FOF INF UT AS *1 
*10 OFEn Ft* FOF INFUT AS 91 

?lo ir.'u: a:.A:.FI*.FDP.Jb.NJ.FA,TA.nCA.ni.A.HGR.TJA.nsJR,FFR.T3A.T*A.Y'A,T8A.T4f 
. TloK.nC.m . MG. H. F , T , 1 J , Tl.T*, T7. T6, 74 , T 10, RO.ROJ, V.MSJ , VJ , LA, J , SF . 6) ,NbJ 

711 AIL ■ Al*10 


610 InfuT "Ur.at. t.pa o4 plot it thi*"i FlTvp* 

611 F OF a: a (■ TC e STE* (AID' 101 

61. FOF AA a 4 1b 1 STEF 1-1? 

Ell Kali 1 

e: ne»* aa 

bt: ne*t a. 

64' FUK a; a a: to Is STE* (AlL.’IO) 

641 FOF AA a 9 TO 2 STEF (-11 

bl SOS Jb l-.i'.'O 

613 Ni > T AA 

6\c Nt T 

oc F--S. r lu 1 ’ S’ SF l „;3 io • 


tel FO* A- a e TL 3 STE* .-1 

Scl BCaJi 1 

be' N£ * T RA 

6* Nl * f a: 

e'i fof a: a a: to k stef <a:l/io< 

6~1 F O r A- a 9 TO 4 STEF (-1) 

6~t SOSJi SOX- 

6 &• NE>T A- 

Ig NE.J7 A2 

esi fof. a: a a: to is stef (aidio> 

66' FOA AA - 9 TO 1 STE* (-11 

SSI GOSlir Iwv 

691 NE*T AA 

693 NEXT A3 

910 CLS 

lull' SCAEEl. 2 

1011 LINE (50, 1901- (SO. 1 101 

1030 LINE (SO. 1 10)- (33 J. 50) 

1031 LINE (330,30) -(330. 110) 

103i' LINE (3Su. 1 10)- (SO, 190) 

1100 LOCATE 4,48: FAINT "INNE* UALL" 
nil LOCATE 14.30: FAINT "FILENAME : " FD* 

1131 A2IT - AZI*IO 

1110 LOCATE 10.30: FAINT "AZIMUTHAL LOCATION:* AZ IT "DEGREES' 

1210 LOCATE 11. 30: FAINT "MOMENTUM A AT 10: "C FAINT USING "**.#*' «J 
1510 LOCATE 12.30: FAINT “DENSITY AAT1Q: "|: FAINT USING "*a.#*"lD* 
1513 LOCATE 20.41: FAINT "NOFcMALIZED TEMFEAATURE - 1“ 

155. FEET .300,1*1): DAAW "U3 D* U5 R300 U3 Da" 

1:21 IF NbJ - 0 THEN SOTO 1423 
1330 IF NOJ a I THEN BOTO 1430 

14 1 v LOCATE 15.30: FAINT "BFACINS RATIO: "1 : FAINT USING ***.*•' (SF 


ORIGINAL PAG” Tf 
OF POOR QUALlVt 


1415 LOCATE 15.50! PRINT "SPACING RATIO: "IIPRINT ‘NO INJECTION' I 
141s GOTO 1510 

145: LOCATE 15.5C1 MINT "SPACING RATIO: " | : PAINT "SINGLE INJECTION": 

1451 G0 T G 15i:- 

15!.' AC r. CM. continue with d«t* plotting 

laic FEET 1 e |.;c> 

1*1 5 ill '■! 02 
1*CC Lin ■ 1 
Ie55 >0 > S'.' 

1»C* IF All a 10 THEN Lin b ? 

1*C? IF A:i B 1C THEN Lin B 3 

1*1 B IF A:i a 14 THEN Lin a 4 

1454 IF All a 1 * THEN Lin a 5 

1*50 IF AZI a 16 THEN Lin a 5 

1*55 FOA LAT a O TO 4 STEF I 

164. FOR AA M TO Lin STEF -1 

1*45 VALUE B-30O# I (T 1LAT.AA.AZI » -Tl/ITJ - T>> 

1*5'.' IF AA a 4 THEN GOTO 1455 

1457 GOTO l6o" 

1*55 KAAaxC » VALUE: FSET 1 1 ( AA) . V (A A) > : DA AW" J •»*! up: " 

:*i‘ goto :*&: 

las' X i AA) a 10 • VALUE 

Is’i.' RSETKXIAAU. MlAAM) 

1*75 LINE I I X I AA a 111. MIKA a 1 > ) ) - I I X (AA) > , IVIAA))) 

1*6 IF AA a Lin THEN DAAl "L a VALUE:’ 

1*S7 > t A m - II a VIF.A' a 1 

1*6'. NE'T AA 

1**7 FSET 1X0. > (9) ’ : DAAU "060 uB >" 

1*4: >14, a T(4| -It 
17'h.' X ■ X.' « 4. 

I7t.'l IF LAT a 4 THEN GOTO 1705 
1*'.'C FSET'X':. Vl9M:bAAk "Of '.' u6 . " 

1".5 PS.7T l » IF.L. *|'. !iA-»l 

1*' 5 NL -T LA* 

4' 1 A .l.-Tt 1.1. C 
4*1 .* (n; 

S "■ • lDC- * LOCK * 1 

50* 5 I* ED" 111 THE'. GC T 0 667 

5.<i .* input «i. fiitiaa.a:/.aa&<aa.a:),r»igira.a:*.tio,aa.az».tii.aa.az).ti2.ra.a: 

, T l5.A~.A7i .Tl4.AA.AZ ' .F (0.AA.A7 I .F 1 1 . AA. AZ > .F ll. AA. AZ > ,F 15. AA. AZ ) ,F 14. AA. AZ ) . \ i 
u. AA. AZ » .Vil.AA. A7.' .VI2.AA.AZ) ,VI5. AA.AZ) .VI4.AA.A7) 

501C AETUAi; 
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APPENDIX 5 
ERROR ANALYSIS 

This srror analysis is based on tha approximation that arror 
can ba astlmatad using tha first farm of tha Taylor Expansion. 

Sourcas of arror in this axparimant ara from: 
tharmocoupla 
conduction 
pitot-static tuba 
flow fluctuations 
Doric tamparatura Indicator 
Satra Systams transducer 
Tacmar A/D board. 

1. Tamparatura Error: 

♦ Conduction orror ♦ Thermocouple error 

* 100 (S5§! * 0 18 ♦ 0 75 ■ I- 13* 

Fluctuation must Include Doric flow fluctuations and A/D 




board. 
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2. Pressure Error: 


O fAP) . 
A P 


atd. dev. 

Mm 

' TJ.TIU4 


♦ pitot •static vVror 


filA-gi . 100 

AP l<>.004 


+ 4-4.2% 


Fluctuations saan In standard davlatlon must includa Sa 
tra transducer, flow fluctuations, and A/D board. 


3. Error In Velocity 

Since velocity has multiple components, each having some er 
ror associated with It. the Taylor formula will therefore be used: 


V 


i 



1/2 


where . p £ are ‘local* quantities. 


P + P 

P arm comb 
p i * «r A * ft r 1 

where P -fm * atmospheric pressure 

P comb m coml)u8tor pressure (gage) 

1/2 



2AP 


p tP i 

arm comb I 

* T t I 
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Using the Taylor expansion formula, and taking tha absolute 
value of each term: 




dT t 0T i 


t 1 av flfr } i dv . 

v K*» *' m v ap eom 6 e ° m, > 


After carrying out the differentiation In the first term, and multiplying 
by 1/V and &(AP>. one gets: 


If-, ay 1 

V L 0<AP) J 


2«t\ 


p 

+ P 

l arm 

combi 


O(AP) 


2LPRT. 


P t p 
arm comb 


5 O(AP) 
AP 


Similarly, term two becomes: 


V 




Similarly, term three becomes: 
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2 

v 


dV 


ap 


atm 


ac< W 


?* lP atm) 


atm 


♦ P 


comb 


Similarly, farm four bacomas: 


1 

V 


av 

.comb 


® ( ^c omb* 


2 0 {P comb ) 

P ♦ p 
atm comb 


Tharafora. uncertainty In valoclty is 


©V 

V 


fl( AP ) . . »<-— » ♦ a<P e 0 m B > 


AP 


P ♦ P 
afm comb 


O(AP) 

AP 


4.2% 


from above 


0(T 1 > 


* 1.13% 


from above 


Combustor and atmospheric errors are estimated by how well 
manometers can be read. The barometer Is ± 0.01 Inches Hg. 
The combustor pressure manometer Is ± 0.05 cm water. This gives 

e(P afm ) * 0(P cumb / 0.01 + 0 0014 Inches Hg n 
*m rn ♦ P comb **° 04 "*<»« H « ' 

Therefore 

^ « 5 ( 4.2 ♦ 1.13 ♦ 0.04] 
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V 


2.7% 


4. Error In Momentum Ratio 


J 



whir* p.v ara cross How conditions 


whara 


tharafora. 



* 2 2 
Cm.)* P ATT 
J m L L 

Cm) 2 P^T 

Usa this axprasslon for J . and writa tha arror aquations as 
follows: 



dm , 


6Cm^) 


•i 


dJ 

dm 


dim ) 
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♦ill? e,p> i * 7 ’dP~ l ®‘V 


i 


•r, #( V 




Just as In tha vaiocity arror calculations: 


dm, 


6 (m^> 


20 (m^ ) 


m 


3J 

Om 


0(m ) 


B 20(m > 
m 




0(P) 

p 


^ 8< v 


0 (P y > 


aj 1 0(r / ) 

- *r 


jlS"”] ■ £ t’ 

Estimated uncertainties 




„ 0. 5mm . 1mm 1mm 

• m « « ' • 


1 1mm 00mm 40mm 


■ 0.08295 
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P 


0.01 Inches hg "\mm 
29 inches Hg 23 mm 


0.0436 


T f ■ 5 J 4 ♦ 0. 0075 ♦ 0. 00025 ■ 0. 0096 
(DORIC) (T-C) (TECMAR) 


T ■ ♦ 0.0075 ♦ 0.00025 ♦ 0.0018 ■ 0.01040 

(DORIC) (T-C) (TECMAR) (CONDUCTION) 


Add dll of tha abova according to tha Taylor formula, but using tha 
sum of tha squaras for a lass conssrvatlva astlmata to gat 

■ * '•* 


5. Error In Danslty Ratio 



Qj Orl 

Dr 


1 faor 
Dr I 6 P / 


0(P.) 

1 


t J_r«Or 
T DridP 



% 
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^ 8< v] 


fiifiii . t 2£ + il/ 1 si 

Or P f * f> ♦ T i T 


Using values from the momentum calculation 


— q r r - * ± 6.4% 


6. Error In Tau 


r * 


r i - T 3 
r * ' T 3 


where 


T ! * T 1 


T *- T l 


T S * T 


si .a 

r r 


flr ' 

1 

8t ... . 

1 

9^ 8l V 

t “ 
T 

ar. 8< V 
• 

♦ — 
T 


^ #< V 


Carrying out the differentiation: 


, 6(r.) #<r,> f . , 

t * rr * 7 -t * 6(r -> f 

T 'l '3 # 2 r 3 


3 'V r 3 V f 3 


For conservative values, take 
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I f l " 7 3 I ' 150 K 

I r 2 - r 3 I * 350 K 

r i * 500 K 

T 2 « 300 K 

T 3 * 650 K 

Recall 


6(7. ) 

- T = ± 1.13% 
'l 


6(7 > 

r * ± 0.96% 

2 


6(T,) 

r * ± 1.04% 
r 3 

This gives absolute errors as: 


T } « ± 5.65 K 


7 2 « ± £>. » K 


7 3 * ± 6.75 K 

As a less conservative estimate, the square root of the sum of the 
squares of the terms In the Taylor expansion gives: 


202 


0(r) 


*±65% 


(± 3 data point widths) 


7. Error in Gamma 



6v 

y 


y 


dy 
dV . 


0< V £ ) 



a> 

y 




8<V> 
V i * V 


Recall 


Representative values of V 
Using a less conservative 
the squares to get 


^ = 2.7* 


V are 8. 15 m/s 

estimate of the square root of the sum of 


fly 

y 


rr * ± 6 . 6 % 


( ± 1/4 data point width) 
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